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Objectives

This program has been focused on the development of the enabling tools for future generation
optoelectronic devices. We have focused on two main areas: (i) controlled position of quantum
dots — primarily in the InAs/GaAs system and (ii) development of group III-nitride quantum dots
— primarily in the GaN/AIN system.

Summary of Key Findings

We provide a brief summary of the main results of our work and where possible, include the
resulting publication from the work as an Appendix.

High Temperature Luminescence from GaN Quantum Dots

In our early work on GaN quantum dots embedded in an AIN matrix, grown by plasma-assisted
molecular beam epitaxy (PA-MBA), we focused on the photoluminescence (PL) properties of
the dots. We observed strong (PL) from the QDs from 8 to 750 K. Atomic force microscopy
studies demonstrate that the QDs have diameters of (30 £ 5) nm and heights of (3 £ 1) nm. PL
from the quantum dots was compared to that of a gallium nitride growth template film to
unambiguously demonstrate the contribution of the QDs to the spectra. Integrated PL intensity
was observed to remain strong well above 300 K, and we attribute the decrease in the quantum
dot PL at higher temperatures to phonon-mediated carrier ionization of deep levels.

Full details of this work are given in the publication (provided as Appendix I):

“Temperature dependent photoluminescence of MBE grown gallium nitride quantum dots,”
J. Brown, C. Elsass, C. Poblenz, P.M. Petroff, J.S. Speck, Phys. Stat. Sol. B 228, 199 (2001).

Electronic Properties of GaN Induced by a Subsurface Stressor

In conjunction with our experimental work on GaN quantum dots, we have also examined the
role of quantum dots, as stressors, on the electronic properties of a III-nitride matrix. In this
work, we focused on the influence of the strain field originating from a subsurface point source
of dilatation (point stressor) on the electronic properties of nitride semiconductors. In the far
field, real quantum dots can be viewed as such point stressors. The material surrounding the
stressor was considered either to be a uniform GaN matrix or GaN matrix with an (In,Ga)N
quantum well which is grown pseuodomorphically between the stressor and the free surface.
Isotropic elasticity was used to find the strain field around the stressor. A k-p perturbation
theory approach was then applied to examine the shifts of the conduction and valence band edges
caused by the stressor. We found lateral confinement for electrons and holes, which could be
utilized to realize a strain-induced quantum dot in the quantum well.

Details of this work are given in the publication (provided as Appendix II):

“Electronic properties of GaN induced by a subsurface stressor,”
P. Waltereit, A.E. Romanov, J.S. Speck, Appl. Phys. Lett. 81, 4754 (2002).




Further details are provided in the publication (provided as Appendix III)

“Buried stressors in nitride semiconductors: influence on electronic properties,”
A.E. Romanov, P. Waltereit, and J.S. Speck, J. Appl. Phys., accepted for publication.

GaN Quantum Dot Density Control by RF-Plasma-Assisted MBE

In our more recent work on GaN quantum dots, we have focused both on the QD growth
mechanisms and on the control of QD density. In this work, we again have grown GaN QDs in
the Stranski-Krastanov mode on AIN (0001) by rf-plasma molecular beam epitaxy at 750 °C.
After depositing the equivalent of 2-3 monolayers GaN coverage, as limited by N-fluence under
Ga-droplet growth conditions, excess Ga was desorbed and Stranski-Krastanov islands formed
under vacuum. We determined the dependence of island density as a function of GaN coverage
(for two growth rates: 0.10 and 0.23 monolayers per second), as estimated from atomic force
microscopy and cross-sectional transmission electron microscopy. With a GaN growth rate of
0.23 monolayers per second, the island density was found to vary from less than 3.0x10% to
9.2x10" ecm? as the GaN coverage was varied from 2.2 (critical thickness) to 3.0 monolayers.
We are the first group to realize GaN QDs with densities in the range where single dot PL studies
may be possible. For a GaN growth rate of 0.10 monolayers per second, the island density
varied from 2.0x10' to 7.0x10'° em™? over a GaN coverage range of 2.0 to 3.0 monolayers. For
each growth rate, the GaN islands were found to be of nearly uniform size, independent of the
quantum dot density

Full details of this work are given in the publication (provided as Appendix IV):

“GaN quantum dot density control by rf-plasma molecular beam epitaxy,”
J. Brown, F. Wu, P.M. Petroff, and J.S. Speck, Appl. Phys. Lett. 84, 2690 (2004).

In situ Monitoring of GaN Growth by by RF-Plasma-Assisted MBE

In conjunction with our work on detailed studies of GaN QD growth, we have been developing
basic tools to monitor the surface coverages, desorption rates and related phenomena during
growth. In this work we focused on the very important issue of the evolution of the Ga adlayer
during plasma—assisted molecular beam epitaxy of (0001) GaN as a function of both Ga flux and
growth temperature. In situ quadrupole mass spectrometry was used to quantitatively determine
the adsorbed Ga coverage by monitoring its subsequent desorption after GaN growth.
Independent of the growth time, the Ga adlayer was found to form steady state coverages that
increase continuously from 0 to 2.5 monolayers when raising the Ga flux from N-rich to
moderate Ga-rich growth conditions. At higher Ga fluxes or lower growth temperatures (Ga
droplet regime), macroscopic Ga droplets form on top of the Ga adlayer. Based on the
temperature—dependency for the transition between the Ga adlayer and Ga droplet regime we
determined an apparent activation energy of 3.4 eV, which is discussed with to our own earlier
work and to work of other groups (our results confirm earlier UCSB work, in collaboration with
Infineon and refute claims in recent papers).

Full details of this work are given in the publication (provided as Appendix V):




“Continuous evolution of Ga adlayer coverages during plasm-assisted molecular beam epitaxy of
(0001) GaN,”

G. Koblmueller, J. Brown, R. Averback, H. Riechert, P. Pongratz, J.S. Speck, submitted for
publication.

In Situ Studies of GaN Quantum Dot Formation

We have built on our work on QMS to reveal the mechanisms of GaN quantum dot formation.
Previously, we showed that GaN quantum dots could be realized by growth on (0001) AIN under
Ga-rich conditions, followed by a growth interrupt, in which the the gallium wetting layer
desorbs and GaN quantum dots form. We have simultaneously followed this process with
reflection high energy electron diffraction (RHEED) and QMS. We have found that the GaN
QDs form when the excess gallium on the surface, during desorption, is ~1 ML, as shown in Fig.
1. Details of this work will be described in a forthcoming publication.
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Spectroscopy of Gallium Nitride Quantum Dots

We have continued to study details of the GaN QD PL. Our earlier studies were performed with
HeCd laser (325 nm or 3.81 eV). This wavelength of radiation can neither directly pump the
AIN matrix or a 1, 2, or 3 ML thick GaN wetting layer. We concluded that we were most likely
pumping the dots through defect states in the AIN matrix. In the final year of the program, we
extensively studied the GaN QD PL by directly pumping the AIN matrix with a recently acquired
193 nm excimer laser. We found that the overall QD PL was shifted to shorter wavelength when
pumping with 193 nm radiation in comparison with when pumping with 325 nm radiation, as
shown in Fig. 2. We attribute this difference in PL wavelength to the different coupling of the
photogenerated carriers to the dots. Pumping the GaN/AIN sample with 325 nm radiation only
allows transfer of carriers from the AIN or GaN wetting layer to the largest dots.




By directly pumping the AIN matrix, we have observed the 1, 2, and 3 ML thick GaN wetting
layer on the AIN. To our knowledge, this is the first observation of the GaN wetting layer PL, as
shown in Fig. 3. We have found that the thickness of the GaN wetting layer scales directly with
the total GaN deposition. Additionally, we have found that the thickness of the wetting layer
scales inversely with the excess Ga flux during the GaN deposition. We attribute this latter trend
to reduced organization time for dots to form during the excess Ga desorption and thus more

GaN forms as wetting layer as opposed to dots.

addresses our recent PL studies.
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Figure 2 GaN QD PL with different pump
wavelengths. Pumping with 325 nm light
results in only relatively long wavelength PL
from the dots. Pumping with 193 nm light
shows that the average QD PL is at higher
energy and also facilitates the observation of
the GaN wetting layer PL. ‘

Figure 3 GaN QD PL for an intermediate
density sample (QD density 2 x 10" cm?)
pumped with 193 nm light. The GaN QD PL
is centered at 3.54 eV. PL peaks at 5.07 ev,
4.78 €V, and 4.48 eV correspond to 1, 2, and
3 ML thick GaN wetting layers. The position
of the wetting layer luminescence is in close
agreement with self-consistent Schrodinger-
Poisson calculations for the energy difference
of the ground states of the quantum well.




Quantum Dot Lattices

In this program, we also made great progress in the growth of low density InAs quantum dot
samples on periodic mesa stressor lattices. The specific goal of this work was to place single
dots at controlled locations in the defect sites of photonic bandgap crystals. Controlled dot
location will in defect lattices will facilitate single quantum dot optoelectronic devices.

The mesa stressor lattices are formed by holographic lithography of a GaAs wafer; followed by
chemical etching and MBE regrowth of a GaAs buffer layer; growth of an InGaAs stressor layer
and second GaAs buffer; followed by growth of InAs quantum dots. During this period, we have
realized low densities of single dots on the mesa lattice tops, as shown below in Fig. 4.

Figure 4 AFM perspective showing single InGaAs
quantum dots on a InGaAs/GaAs stressor mesa
lattice. The mesa lattice period is ~0.65 pm and the
lattice is aligned along the GaAs <110> directors.

Capped low density multilayer samples showed strong PL emission and clearly resolvable
features associated with the s, p, and d shells. On annealed samples, we have observed single dot
emission. The realization of strong PL reflects our effort to optimize all steps of the processing
and regrowth procedure. In the next reporting period (final report for the current project) we will
present results on the successful incorporation of single dots in the defect sites of photonic
bandgap structures.

The work on controlled position has continued with Prof. Petroff and is an enabler for a range of
programs in his group and in the groups of Prof. Evelyn Hu and others at UCSB.
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Temperature Dependent Photoluminescence
of MBE Grown Gallium Nitride Quantum Dots

J. BRown!), C. ELsass, C. POBLENZ, P. M. PETROFF, and L. S. SPECK

Materials Department, University of California at Santa Barbara, Santa Barbara,
CA, USA

(Received June 22, 2001; accepted August 8, 2001)
Subject classification: 73.21.La; 78.67.Hc; 81.07.Ta; 81.15.Hi; S7.14

We report on the growth and optical properties of gallium nitride quantum dots (QDs) grown by
plasma-assisted molecular beam epitaxy. We have observed strong photoluminescence (PL) from
the QDs from 8 to 750 K. Atomic force microscopy studies demonstrate that the QDs have diam-
eters of (30 £5) nm and heights of (3 + 1) nm. PL from the quantum dots was compared to that
of a gallium nitride growth template film to unambiguously demonstrate the contribution of the
QDs to the spectra. Integrated PL intensity was observed to remain strong well above 300 K, and
we attribute the decrease in the quantum dot PL at higher temperatures to phonon-mediated car-
rier ionization of deep level.

Introduction Nitride optoelectronic structures offer emission across the visible spec-
trum and into the ultraviolet. Due to their wide bandgaps and thermal stability, nitride
devices have the possibility of high temperature operation. Nitride quantum dots (QDs)
have been investigated through molecular beam epitaxy (MBE), metalorganic chemical
vapor deposition (MOCVD), and by theoretical studies [1-4]. In this work, we report
on temperature dependent photoluminescence (PL) of GaN QDs grown in an AIN
matrix.

A strong motivation for investigating nitride QDs is that the large bandgaps and
band offsets in the group IIl-nitrides, in comparison with the group III-arsenides,
should dramatically reduce the thermal ionization of QD confined carriers into the bar-
rier material [4, 5]. In group IIl-arsenide QDs, carrier thermal ionization into the bar-
rier was shown to be a dominant process at temperatures above 150 K [6]. In this work,
phonon-mediated non-radiative carrier recombination is proposed as a dominant mech-
anism for the thermally induced loss of luminescent recombination above 300 K in
GaN/AIN QDs.

Experiments and Results Plasma-assisted MBE has been used to grow GaN quantum
dots in an AIN matrix. The following structure was grown: sapphire (0001) substrates
with 0.3 um MOCVD-grown GaN were used as templates for a 30 nm GaN bulffer,
followed by a partially relaxed 0.3 um AIN buffer layer grown at 750 °C. The AIN was
grown under metal-rich conditions near the cross-over to form metal droplets on the
surface [7]. After deposition of each AIN layer, a 60 s delay under N flux was utilized
to ensure the incorporation of any residual Al, followed by a 60 s delay with all shut-
ters closed. Next, a stack of ten layers of GaN QDs was grown at 750 °C in the Strans-
ki-Krastanov (S-K) growth mode [8]. To ensure adequate Ga incorporation, the Ga/N

1y Corresponding author; e-mail: jsbrown@engineering.ucsb.edu
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flux ratio was set such that the GaN growth took place just inside the Ga droplet
regime [7]. After opening both the Ga and N shutters for 15 s (8 A of GaN growth),
the shutters were then closed and the appearance of islands at the surface was ob-
served in the RHEED transition ((1 x 1) changed from streaky to spotty) from 2D to
3D during a 20 s interval. After island formation, a 30 nm AIN capping layer was de-
posited to form QDs. Finally, a layer of GaN islands was grown on the surface and left
uncapped for subsequent atomic force microscopy (AFM) studies.

Tapping mode AFM and temperature dependent PL from 8 to 750 K were used for
sample characterization. Three separate structures were characterized in this work: the
MOCVD-grown GaN on sapphire template; a partially relaxed (0.3 um) AIN layer on
the MOCVD-grown GaN on sapphire template; and the QD heterostructure described
above.

The PL experiments were performed by optical pumping with a 325 nm He-Cd laser
(cw). Low (8-300 K) temperature measurements were carried out with the sample at-
tached to a liquid He cooled cryostat, while high (300-750 K) temperature measurements
were performed with the same excitation power by replacing the cryostat with a hot plate.

The uncapped GaN islands exhibited a diameter of (30 +5) nm and a height of
(3+1) nm as shown in Fig. 1a. Figure 1b shows a reference 0.3 pm partially relaxed
AN film on MOCVD-grown GaN/sapphire template, which clearly shows cracking. Fig-
ure 1c is a 1 x 1 um? scan of the same AIN reference film exhibiting spiral hillocks
between the cracks, providing a locally continuous stressor film for QD nucleation.

The low temperature PL spectrum (50 K) shows a sharp peak at 3.50 eV near the
band edge of GaN attributed to the bulk GaN buffer and a very broad (453 meV
FWHM) peak centered at 2.76 eV which is attributed to the GaN QD as shown in
Fig. 2a?). Theoretical studies including strain and polarization-related electric field ef-
fects predict a QD recombination of approximately 2.85eV for 3nm GaN/AIN QD
height in reasonable agreement between the measured and calculated QD emission for
the size of QDs grown for these experiments [4]. The disagreement between the model
and experimental results for the QD PL include the lack of QD size resolution of the
AFM, as well as the absence of a constraining AIN cap on GaN islands on the surface
increasing the probability of QD ripening after the growth. Comparison of the QD PL
with the growth template PL at low temperature in Fig. 2a indicates that the 2.2 eV

-15.0 nm

Fig. 1. Tapping mode AFM. a) GaN islands on AIN surface of ten layer GaN QD structure;
b) 5 x 5 um? scan: 300 nm partially relaxed AIN on MOCVD-grown GaN template; c) 1 x 1 um?
scan: 300 nm partially relaxed AlN, exhibiting step-flow growth between large scale surface fissures

2) Colour figure is published online (www.physica-status-solidi.com).
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Fig. 2 (colour). a) Low temperature (50K) PL (in arb. units) of GaN QD in AIN matrix and
MOCVD-grown GaN on sapphire template. b) PL vs. temperature: low temperature (8.5-300 K)
and high temperature (298-746 K) PL of GaN QD in AIN matrix

yellow luminescence is the origin of the low energy shoulder of the QD peak. The
donor-acceptor emission, centered at 3.1 eV, was not observed above 100 K, allowing
the observed emission at 2.76 eV to be attributed to GaN QDs.

Temperature dependent PL from 8.5 to 746 K was observed in the GaN/AIN QD
heterostructure, as shown in Fig. 2b. The QD PL intensity was observed to remain
strong well above room temperature. A blue shift of the QD emission with increasing
temperature was observed, as shown in Fig. 2b, indicating a preferential loss of carriers
from larger QDs.

Excluding the template yellow luminescence, an Arrhenius plot of the integrated
luminescence intensity of the QD emission is shown in Fig. 3a. An activation energy for
exciton concentration under steady state conditions as a function of temperature of
(46 £+ 2) meV was determined from the Arrhenius plot [6, 9].
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Fig. 3. Photoluminescence as a function of temperature. a) Arrhenius plot of integrated QD PL
intensity. b) QD emission energy vs. temperature
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Due to the small value of the experimentally determined activation energy, in con-
trast with the relatively large thermal ionization barriers predicted for this structure [4],
the PL decrease mechanism is proposed to be phonon mediated non-radiative recombi-
nation. In this process, deep levels in the AIN barrier are thermally ionized, creating
non-radiative recombination centers for QD carriers. Polarization-related electric fields
cause carrier separation in GaN/AIN QDs, in which electrons are localized near the
QD tops and holes are localized in the wetting layer immediately below the QD [4].
The spatial separation of carriers is proposed to enhance the loss of carriers from the
QDs to ionized traps, preferentially in larger QDs because carrier separation is ex-
pected to be proportional to QD size. The proposed mechanism provides a qualitative
explanation for the observed blue shift of QD PL with increasing temperature. Further
work is underway to verify this model for the loss in QD luminescence at high tempera-
ture.

Conclusion In conclusion, GaN/AIN QDs have been shown to display unique high
temperature luminescent behavior. The spontaneous and strain induced polarization
complicates the analysis of carrier loss mechanisms in GaN/AIN QD heterostructures,
but the promise of high temperature optoelectronics applications necessitates further
investigation of these phenomena.

Acknowledgements The authors gratefully acknowledge the support of ARO-DARPA
and AFOSR (D. Johnstone, Program Manager).
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The influence of the strain field originating from a subsurface point source of dilatation (point
stressor) on the electronic properties of nitride semiconductors is investigated. In the far field, real
quantum dots can be viewed as such point stressors. The material surrounding the stressor was
considered either to be a uniform GaN matrix or GaN matrix with an (In,Ga)N quantum well which
is grown pseudomorphically between the stressor and the free surface. Isotropic elasticity was used
to find the strain field around the stressor. A k- p perturbation theory approach was then applied to
examine the shifts of the conduction and valence band edges caused by the stressor. We find lateral
confinement for electrons and holes, which can be utilized to realize a strain-induced quantum dot

in the quantum well.

The effects of a stressor, i.e., a source of mechanical
strains and stresses, on electronic properties of homogeneous
layers and quantum wells (QWs) have been explored in re-
cent studies of QDs."3 In the case of zincblende structures,
Davies! investigated both surface and subsurface stressors
but neglected the presence of hydrostatic strain induced by a
stressor in a semi-infinite medium. Tulkki ez al.* examined
the influence of a surface stressor on the optical properties of
a buried QW and obtained excellent agreement with corre-
sponding experiments by Lipsanen et al.’ More recently, An-
dreev et al.® studied wurtzite GaN/AIN QDs in detail and
reported on the relationship between the shape and size of
the dot and confined wave functions in the dot. In this letter,
we report on the influence of the strain field originating from
a subsurface point dilatation stressor (which can approximate
a real QD in the far field) on the electronic properties of
wurtzite nitride semiconductors. The material surrounding
the stressor is considered either to be a uniform GaN matrix
[see Fig. 1(a)] or a GaN/(In,Ga)N/GaN single QW (SQW)
which is grown pseudomorphically between the stressor and
the free surface [see Fig. 1(c)]. We use a k-p perturbation
theory approach to examine the shifts of the conduction and
valence band edges caused by the stressor. We do not include
the effects of electrostatic fields induced by polarization
fields.

In our model, see Fig. 1(a), the point dilatation stressor
is located at r=(x2+y2)2=0 and z=h. The z=0 plane is
taken as the (0001) sample surface. In general, the elastic
properties of a medium are anisotropic and the stressor may
have arbitrary shape and size leading to complex strain fields
in close vicinity to the stressor, thus, requiring rather elabo-
rate analytical or finite-element method (FEM) calculations
(see, e.g., Refs. 3, 7, and 8). To simplify the model and
proceed with analytically tractable results, the following ap-
proximations were employed: (i) the same elastic constants
for (In,Ga)N as for GaN and (ii) isotropic elasticity with
averaged Poisson ratio and shear modulus. It is likely (see,
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€.g., Ref. 7) that these simplifications underestimate the mag-
nitude of the hydrostatic strain present around the dot.

The effect of point dilatation stressor can be compared
with those of a QD of volume V and having crystal lattice
mismatch (characterized by misfit parameter f) with respect
to the surrounding matrix. In the far field, a real QD can be
replaced by a singular dilatation point stressor with an effec-
tive strength S=fV=Pd/2u (1-2v)/(1+v) (Refs. 9 and
10), where u is the shear modulus and v is Poisson ratio (see
Fig. 1 for definition P and d).

The comparison of exact analytical solutions for dilatat-
ing ellipsoidal QDs or FEM calculations for cuboidal and
trapezoidal QDs shows that in the far field (at distances
€>¢.~3V) strains and stresses of QDs agree well with
those obtained for a dilatation point stressor.” Therefore, we
use the solutions for the stresses o"’°"“(x,y z) of a dilatation
point stressor, which have simple analytlcal rcpresentatlon
for both infinite and semi-infinite isotropic elastic media.°
Using Hooke’s law, one can derive the corresponding strain
components s’”’"‘, which are also a function of the Poisson
ratio ». Smce wurtzite GaN is elastically anisotropic,
we choose to use an average Poisson ratio 7,
which was estimated by averaging the Poisson ratios
along the three Cartesian axes according to
v=—14[s13/s33+ (s 2+ 513) /s1;] where s;; are the elastic
compliances for GaN. Using the elastic constants from Ref.
11 we obtain $=0.234. Here, we do not show the whole
analytical expression for £P™, but rather we restrict our-

ij
selves to an example, namely, the hydrostatic strain field

(1+v)(1-2v) 2(z+h)*—r*
w(1-v) [r?+(z+h)*™

shy:i[ﬁ)( r Z) N

which is plotted in Fig. 1(b). Due to the free surface, the
hydrostatic strain field is not zero in contrast to the case of a
stressor in an infinite medium (note in the general case of an
anisotropic medium, the hydrostatic strain field is nonzero
outside the stressor even in a infinite medium, see, e.g., Ref.
7). In addition to a homogeneous GaN matrix surrounding
the subsurface stressor, we also considered a GaN/(In,Ga)N/
GaN SQW grown pseudomorphically between the stressor
and the free surface as schematically shown in Fig. 1(c). In

© 2002 American Institute of Physics
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FIG. 1. Subsurface stressor in GaN. (a) Schematic for a point stressor (mod-
eling In,Ga; _,N QD) placed in a GaN layer. The sample surface z=0
corresponds to the (0001) GaN growth plane with the z axis in the [000T]
crystallographic direction. The point stressor is described by three orthogo-
nal force dipoles with separation d and magnitude P acting on the faces of
a cube with volume 4° in the limit of d—0. (b) Hydrostatic strain
sﬁ;’,:,';:,( r,z) induced by the point stressor placed at the distance 4 from the
free surface of an isotropic half-space. The strain is given in units of
Siah® (14 v)(1=2v)/(1—v), where S=fV is the effective strength of the
stressor and v is Poisson ratio. The contour lines are spaced by 0.25. (c)
Schematic for a point stressor placed in a GaN layer and an additional
In,Ga; . ,N QW grown pseudomorphically between the point stressor and
the free surface.

this case, the total strain field &0

i ij is simply given by the
linear superposition &7+ 88-“' where Sgw is the strain field
associated with lattice mismatch of the SQW. In contrast to
the strain field, the shift of the electron and hole energies is
nonlinear with strain as these energies represent the eigen-
values of a (6% 6) Hamiltonian in the k- p calculations.>!3

In unstrained wurtzite GaN, there are three closely
spaced top valence bands (VBs) at the Brillouin-zone center,
usually referred to as heavy-hole (HH), light-hole (LH), and
crystal-field split-off hole (SCH). Due to strain, both the CB
and the VB states are modified leading to shifts of the cor-
responding band edges relative to their values for unstrained
material. To estimate the strain-induced shifts, we use the
k- p perturbation approach developed by Bir and Pikus'? em-
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FIG. 2. Change in the GaN conduction and valence band energies caused by
the subsurface stressor. (a) Map for the conduction band edge in r—z coor-
dinates. (b) Map for the VB closest to the conduction band in r—z coordi-
nates. The point stressor is located at a distance #=41 nm from the surface
and possesses the effective strength S=/V equivalent to an IngsGagsN is-
land with a volume of 200 7 nm’ (£,~8 nm) and f=0.0507. The average
Poisson ratio is taken as ¥=0.234, the contour values are given in meV.

ploying the corresponding deformation potentials for GaN.?
The stressor strain field leads to changes in the original VB
states such that it is no longer possible to simply describe
them as HH, LH, and SCH. In the following, we label the
individual VBs as top, middle, and bottom VB according to
their energy with the top VB being closest to the CB.

The shifts of the CB and VB energies in a GaN
matrix due to the (In,Ga)N subsurface stressor are shown in
Figs. 2 and 3. This type of point stressor represents an
equivalent “positive” dot, i.e., the unit cell volume of the
unstrained dot is larger than that of the surrounding matrix.
The average lattice misfit parameter f for the positive
In,Ga;_,N QD in GaN matrix can be defined as
f=QAFFIB,  where  fi=lagn—qncanl/ancon
and f| =|cgaNn— CnGaNl/cnGayn are in-plane and out-of-
plane lattice misfits, respectively. The in-plane (a) and out-
of-plane (c) lattice constants of In,Ga; ., are determined by
applying Vegard rule [a,c]ngayn=Y[a,clint (1Y)
X[a,c]gan-. For an IngsGagsN QD and known lattice pa-
rameters for InN and GaN (Ref. 14) the average misfit f is
approx. 0.0507. All data presented in Figs. 2 and 3 are cal-
culated within the valid range of the point source
approximation® as we do not approach the point
source closer than its characteristic length £,. The shift
of the CB is proportional to the hydrostatic strain,'*!* hence,
Fig. 2(a) resembles Fig. 1(b) in different units.
The localization depth near the surface is around
10 meV, thus, weak electron localization is expected at room
temperature. However, strong electron localization will occur
at low temperature. In contrast, the top VB [Fig. 2(b)] dis-
plays a rather complex dependence on the actual location.
In-plane and out-of-plane cross sections of the VB structure
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FIG. 3. Cross sections of the VB structure in GaN in the presence of the
subsurface stressor. (a) VB energies dependence on depth z for r=0. (b), (c)
Radial dependencies for the energy of three VBs for z=14 and z=32 nm,
respectively. The parameters of the stressor used in these plots are the same
as those used in Fig. 2, thus, well within the valid range of the point source
approximation.

are shown along the z axis and for two different depths z in
Fig. 3(a), and Figs. 3(b) and 3(c), respectively. Near the sur-
face, the VBs have relative separations close to the values for
unstrained material, see Fig. 3(a). However, with increasing
depth z, the separation of the top and middle VBs decreases
until they cross (at z~25nm for the parameters used for
Figs. 2 and 3). Finally, the top VB moves toward the CB
while the other two VBs bend away from the CB, maintain-
ing their separation. As it follows from Figs. 3(b) and 3(c),
for r>h, the VBs are only weakly affected by the presence
of the stressor regardless of the depth z. Close to the sample
surface [Fig. 3(b)], the relative positions of the VBs only
change slightly close to the symmetry axis. When approach-
ing the stressor, see Fig. 3(c), the top and middle VBs get
closer together until they finally split.

The potentials calculated may have a substantial impact
on excess carriers. In a homogeneous GaN matrix, electrons
will always be trapped at the origin whereas holes will drift
away from or towards the z axis, depending if they are gen-
erated close to the surface or close to the stressor. Hence, the
overlap of the electron and hole wave functions will be rather
low, leading to prolonged radiative decay times and low in-
ternal quantum efficiencies. It is interesting to consider the
case of a GaN/(In,Ga)N/GaN SQW which will provide ver-
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tical confinement of the carriers, namely, electron and hole
confinement at the upper and lower heterointerface due to the
QCSE, respectively. The total strain field 85?“‘1=s}’f'“’+ sgw
was used as input for the Hamiltonian in the k-p calcula-
tions. We obtained a CB potential exhibiting lateral electron
confinement at r=0 regardless of the actual depth of the
quantum well. However, holes will be either trapped away or
at r=0 depending on the actual location of the well. There-
fore, we identify two important possibilities. For a shallow
well close to the surface, electrons and holes show signifi-
cant laterally separation and thus would have low recombi-
nation rates. However, for a QW sufficiently close to the
stressor (e.g., at z=30nm for an equivalent QD placed at
h=41nm as in Figs. 2 and 3), both electrons and holes are
trapped at r=0 in such a way that they are spatially localized
resulting in a strain-induced QD inside the QW. Hence, the
carriers are confined away from nonradiative recombination
centers, thus, allowing for higher internal quantum efficien-
cies. Futhermore, the density of states near the VB maximum
is substantially reduced due to the strong splitting of the top
and the other two VBs.

In conclusion, we have shown that the strain field of a
subsurface stressor has substantial impact on the electronic
properties of wurtzite nitride semiconductors. The shifts of
the CBs and VBs as obtained from a k- p perturbation theory
approach provide lateral confinement for electrons and holes,
which can be utilized in order to realize strain-induced QDs
in a SQW.
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Buried stressors in nitride semiconductors:
influence on electronic properties

A.E. Romanov’, P. Waltereit, and J.S. Speck
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Abstract

An analysis is presented on the effect of the strain field originating from a subsurface
stressor (point source of dilatation or a dilatating ellipsoidal inclusion) on the electronic
properties of nitride semiconductors. With good accuracy, real quantum dots can be modeled as
such stressors. We consider the following material structure design: a uniform semi-infinite
GaN matrix with a buried stressor or a GaN matrix with a single (In,Ga)N quantum well which is
grown pseuodomorphically between the stressor and the free surface. We utilize isotropic
elasticity to determine the strain field in the structures under investigation. Then we apply a k-p
perturbation theory approach to examine the shifts of the conduction and valence band edges
caused by the stressor. We find lateral confinement for electrons and holes, which can be

proposed for the realization of strain-induced quantum dots in the quantum well.
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l. Introduction

The distinguishing properties of nitride semiconductors include their large spontaneous
polarization and large piezoelectric coefficients. In nitride-based heterostructures,
discontinuities in spontaneous polarization coupled with piezoelectric generated polarization
caused by lattice mismatch give rise to large internal electric fields. In addition, the effect of
elastic strains is magnified by large values of the deformation potentials in nitride
semiconductors. A brief comparison of GaAs and GaN parameters responsible for strain related
effects is given in Table L.

In general, strain-induced phenomena have a large impact on electronic properties of
semiconductors [1,2]. The conduction and valence band levels and the band gap can be modified
by strain. Strain-induced piezoelectric polarization charges lead to electrostatic fields of a
magnitude (MV/cm) which cannot be neglected in nitride semiconductors. In fact, strain and
polarization effects may be exploited to tailor heterostuctures. Examples include two-
dimensional electron gases at (Al,Ga)N/GaN interfaces and large internal electrostatic fields that
give rise to the quantum-confined Stark effect (QCSE) in quantum wells. Such heterostructures
have been studied in detail both experimentally and theoretically, the latter being facilitated by
the symmetry of two-dimensional heterostructures [3]. However, little is known about the
impact of deviations from the two-dimensional nature of heterostructures on device properties.
These deviations may be either intentional, e.g., (In,Ga)N quantum dots [4], surface and
subsurface stressors, or unintentional, as a result of uncontrolled thickness or composition
modulation in growing multiple quantum wells [S]. In this article, we investigate the influence
of the intentionally non-uniform strain field originating from a subsurface stressor on the

electronic properties of nitride semiconductors. The stressor is chosen either as point source of
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dilatation or as dilatating ellipsoidal inclusion in order to account for both far and near field
effects in tractable analytical form.

The effect of finite size of quantum dots (QDs) (nanosize inclusions) on electronic and
optoelectronic properties of semiconductor materials was intensively studied during the last one-
and-half decades [6,7,8]. The ultimate motivation for all of these studies was to describe and
detect the confinement of the carriers (electrons and holes) in QDs. Originally the confinement
was attributed to the size effect on the carrier wave functions placed in three dimensional
potential boxes [2,8]. In addition, it was pointed out that due to the crystal lattice mismatch
between the materials of QD and surrounding matrix, considerable elastic strains can be
generated inside a QD [9,10]. Such intrinsic strains contribute to the modification of
semiconductor band structure via the deformation potentials [1]. The influence of intrinsic
strains of QDs on their electronic properties have been discussed for example in refs. [11,12,13].
On the other hand QDs generate non-uniform elastic strains in their vicinity modifying the
physical properties of the matrix [14]. As earlier as at the end of 1980s it was proposed to use
the non-uniform strains fields originating from surface stressors (Fig. 1a) for lateral confinement
of excitons and carriers [15,16] in a quantum well (QW), which in turn was responsible for
vertical confinement (see Fig. 1a). In these reports it was demonstrated that strain induced
lateral confinement may be achieved in InGaAs/GaAs QWs resulting in red-shifted
photoluminescence spectra. These and other earlier observations were summarized in ref. [17].
Later on, Tulkki et al. [18] examined the influence of a surface stressor on the optical properties
of a buried quantum well and obtained good agreement with corresponding experiments by

Lipsanen et al. [19].

10/28/2004 3
9:28 PM




Davies [20] and Shoenfeld et al [21] developed the idea that a subsurface stressor (Fig.
1b) could be used as a tool to modify the confinement in nearby quantum wells in the case of
zincblende structures. Davies investigated both surface [24] and subsurface [22] stressors and
reported spatially direct and indirect electron-hole transitions, respectively. However, Davies
neglected the presence of hydrostatic strain induced by a subsurface stressor in a semi-infinite
medium. Whereas the properties of QDs in wurtzite semiconductors were already addressed, see
for example the comprehensive paper by Andreev et al. [25] on the relation between the shape
and size of the dot in GaN/AIN system and confined wave functions in the dot, their possible role
as a subsurface stressor was not investigated. In this paper we present the development of our
model for the subsurface stressors in nitride semiconductors originally proposed in ref. [26].

An important part of the analysis of strain-induced effects relies on modeling the stressor
itself, i.e. the elastic fields produced by stressor. A number of recent studies have addressed the
elasticity problems for QDs, i.e. stressors, of various shape, for various crystal symmetries (zinc
blende and waurtzite semiconductors) including the anisotropy of material properties
[31,32,33,34]. The effect of coupling electric and elastic fields generated by QDs in the
materials with piezo-electric response was also studied [35]. In this paper we do not include the
anisotropy of the material under investigation and do not examine complex dot geometries.
Rather we employ simple models for stressor shapes and work in the framework of linear
isotropic elasticity. We account for the screening influence of the free surface on the stressor
elastic fields as it was proposed in ref. [36]. In the background section we provide necessary
relations on the elasticity of subsurface point stressors and subsurface dilatating ellipsoidal
inclusions. We present a survey on the k-p approach in calculating the response of the electronic

subsystem of the material on the external or internal strain [1]. The background is also devoted
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to the consideration of strain-induced polarization in nitride semiconductors. In the main part of
the paper we develop the model for buried stressors in uniform GaN and GaN with an embedded
quantum well. Then, the results of the model are presented and discussed with emphasis on the
lateral change in the energy gap due to strain-induced QD inside the QW in IlI-nitride binary and

ternary compounds.
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Il. Background

A. Elasticity of subsurface stressors

Practically all effects of QDs on the surrounding material depend on their long-range
elastic field. From this point of view, an individual QD serves as a stressor, i.e. a source of
elastic strains and stresses. The elastic field of the stressor depends on the geometry of the
stressor, i.e. its volume and shape as well as the character of intrinsic distortions of the stressor,
e.g. the crystal lattice mismatch between dot and matrix materials or differences in thermal
expansion coefficients. Furthermore the elastic field depends on the elastic properties both
inside the stressor material and the surrounding matrix as well as the position of the stressor with
respect to interfaces and free surfaces. Independent of quantum dot applications, the mechanical
properties of stressors were extensively studied in solid mechanics starting with Eshelby’s work
on elastic inclusions [37,38].

A complete solution of the elasticity problem in the most general case of stressors in
closed analytical form is not possible. For problems related to QDs, three main methods have
been applied to determine the elastic behavior of the stressor, namely: (i) theory of elastic
inclusions based on exact or approximate analytical solutions of elasticity equations (‘Eshelby-
like’ or related approaches) [11,14,25,27,36]; (ii) finite element methods (FEM) [29,36,39,40];
and (iii) atomistic modeling [41,42]. Approaches (i) to (iii) all have their particular advantages
and disadvantages. FEM is very effective for specific cases but does not provide general
solutions and is furthermore affected by choice of boundary conditions for the modeling domain.
Atomistic models require accurate interatomic potentials and are further restricted to small

systems of atoms in comparison with dot sizes and the surrounding matrix.
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The theory of elastic inclusions provides integral expressions for elastic fields which can be
expressed in closed analytical form in special cases, e.g. relatively simple inclusion shapes in
elastically isotropic media. In many cases, it is sufficient to apply such a simplified description.
In this paper, we utilize two analytic approaches in stressor mechanics which include the effect
of the free surface and the dot shape, ie. a point stressor (PS) and a dilatating ellipsoidal
inclusion (EI), which are shown schematically in Fig. 2.

In the application to semiconductor QDs, stressors originate from the crystal lattice
mismatch, which can be described with the help of the misfit parameter

f=tmt M

aq
where a4 and a,, are crystal lattice parameters for dot and matrix materials, respectively. Here,

we assume isotropic mismatches, i.e. the misfit fis the same in three orthogonal directions. This
assumption defines a so-called dilatating stressor, since the dilation (relative change of the
volume) inside the stressor is 3f. Distortions in the surrounding matrix also increase with

stressor volume V. Therefore, stressors can be characterized by their strength S = fV . Below

we will employ the strength S as the main parameter for the dilatating stressor.
The simplest approach to express the far field of dilatating stressors is to ignore their

geometry altogether, and to consider them as point sources of dilatation (see Fig. 2a) of given
effective strength S, i.e. consider them as PSs. The stresses cin’S due to a PS can be found by
combining the stresses of point force dipoles. Note that if the response of a body to a point force
(i.e., the Green's function) is known, the elastic fields caused by any distribution of forces can be
obtained by linear superposition [43]. In the case of a PS of expansion, three mutually
perpendicular pairs of forces (each pair consists of a dipole of opposing forces of magnitude
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P.separated by a distance d along their mutual line of action) may be used (see Fig. 2a).
Throughout this paper we refer to such a stressor as positive PS (i.e., a positive stressor itself

would have a larger lattice constant than the surrounding matrix). If one considers a cube of
3 ) . P . .
volume V =d”, the average stress in the cube is 2—;, which in turn can be related to the strains

arising from the misfit f via Hooke’s law. Based on such considerations one can relate the PS
strength to P and d:

gps _ Pd1-2v

) 2
2G 1+v @)

where G is the isotropic material shear modulus and v is Poisson’s ratio. By taking the limit as
d — 0, maintaining Pd constant, the complete elastic field for a positive PS of expansion with

given strength S may be determined. The analytic form for the elastic fields of the PS exists in
all those cases when the Green’s function has a closed solution. The stresses GSS for a PS

placed at the distance h away from the free surface of an isotropic half-space are given in the

Appendix, see Eq. Al. The strain components Sin’s can be found from stresses by applying

Hooke’s law, i.e. Eq. A4. For example, the important hydrostatic strain component
PS 2 PS
Stf:?dro(r’ 2)=¢g; = Zgii of the subsurface PS can be obtained with the help of Eq. A5 and it
i=1

is equal to

A+v)1-2v) 2(z+h)?-r?

z(l-v) [r? +(Z+h)2]5/2 ) 3)

81I:?dro(r’ Z) =S

where the cylindrical coordinates (r, z) are used (note that z is identical to x, defined in the

Appendix). The plot of 8£}§dro(r’ z) is given in Fig. 3a. Due to the presence of the free surface,
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the hydrostatic strain field does not vanish for the subsurface PS. This property is in contrast to
the case of a PS in an infinite isotropic medium and it has important consequence for strain
induced changes in the conduction band (see below).

In the near field, strains and stresses diverge in the PS model; therefore a more accurate
approximation is required. To take into account the stressor proximity effects in an analytical
treatment, we will consider a dilatating ellipsoidal inclusion (EI), as shown schematically in Fig.
2b. In general, the elastic fields of an arbitrarily shaped dilatating inclusion can be determined

by integrating the corresponding elastic fields for a PS, i.e. by distributing PSs over the finite

volume of the inclusion. In the case of an EI, the stresses oi’? (r) outside the inclusion can be

found by integration of PS stresses over the ellipsoid interior vEL

1 o
ol (r)= j —<ol (r—r)dV . (4)
VE 1%

The results of the evaluation of the Eq. 4 are given in the Appendix. In the examples below we

discuss an oblate spheroid (EI with two equal semiaxes a, =a, >a,) at a depth h from the

surface. The strength of such a stressor is given by
El 4 2
S™ =< frala,. 5)

The expressions for stress and strain in this case (see Eqs. A7 and A4) are more cumbersome
than those for the PS. However, a more realistic idealization of the stressor geometry is
achieved. Thus, using these expressions we can analyze the near field effects and also consider
the influence of the aspect ratio of the stressor.

A comparison of exact analytical solutions is given in Fig. 3 for both the EI and PS

placed at the same distance h from the free surface and both with the same effective strength
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S® =§™ =§. The dilatation field ef of the EI (Fig. 3a) agrees extremely well with the

corresponding dependence for the PS. In the absence of the free surface, the dilatation outside
the EI vanishes as originally shown by Eshelby [37]. The individual components of strain and
stresses in the far field also demonstrate a remarkable agreement as seen in the Fig. 3b, where the
dependencies of radial stains on z are plotted. In the near field (close to the stressor), there is a
quantitative difference between the predictions of the two models. The more realistic EI model
shows finite values of strain up to the surface of the ellipsoid. Therefore, we will apply the EI

description for the analysis the stressor effects in its close proximity. However in the far field,
i.e. at the distances [ > [, = V13 (in case of not extremely elongated EI) the simpler PS solutions

can be successfully used for a comprehensive analysis of stressor induced variation of electronic

properties.

B. Conduction and valence band changes in the presence of strain

Mechanical strains, i.e. deviations of the unit cell from its geometry in the unstrained
crystal, also modify the band structure of semiconductors. For example, the band gap of a
semiconductor increases upon hydrostatic compression [44,45]. Commonly, the effects of strain
on the band structure can be described using the Bir-Pikus approach [1], which utilizes the k-p
perturbation theory formalism in order to determine the deviations of the energy bands from
those in the unstrained crystal. The k-p perturbation theory formalism is based on Bloch wave
solutions of the Schrodinger equation of the form v (r) = up (r)exp(ik -r) where n and k are
the band index and the electron wave vector, respectively. Substituting these Bloch functions
into the Schrodinger equation one can show that the Hamiltonian operator for the unit cell wave

functions u_, (r) can be written as the sum of the Hamiltonian operator for k =0 and a term
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proportional to k-p with p = EV. Furthermore, the eigenfunctions u_,(r), i.e. for k =0, form a
i

complete set of eigenfunctions such that all u,, (r) may be written as linear combination of all
u,(r), also known as the Luttinger-Kohn representation [1]. Hence, one can apply first-order
perturbation theory with a perturbation k+p and a basis u,, (r) to investigate the band structure in

the vicinity of k = 0. The new eigenstates will then be the linear combination of the u,(r).

One common example is the Luttinger-Kohn model, which describes the valence band structure
of common II-V semiconductors [2]. Bir and Pikus [1] showed that the form of the strain

dependence of the Hamiltonian is essentially identical to the k-dependence of the Hamiltonian.

For example, a term proportional to k .k, corresponds to a term proportional to the strain

component g Xy *

In unstrained wurtzite GaN, there are three closely spaced top valence bands (VBs) at the
Brillouin-zone center, usually referred to as heavy-hole (HH), light-hole (LH) and crystal-field
split-off hole (SCH) [46,47]. These valence band states have atomic p-orbital character in
contrast to the bottom conduction band (CB), which has atomic s-orbital character. Since the
large band gap of GaN reduces the interaction of CB and VB states, the Hamiltonian for the

strain dependence of the VB can be separately given by the 6x6 matrix [3]:

F 0 -H* 0 K* 0
0O G A -H* 0 K*
S I T S A ©
o -H 0 A A I*
K o I A G 0
0 o I 0 F |

with the following strain dependent elements:
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F=A+Ay+X+86,
G—_-Al +A2 +7\.+9,
H = i(A6k2k+ + Ak, + Deg o )’
I =i(Agk,k, = Agk, + Dge 4 )
K = Ask? + Dse,,
A='\/§A3,
— 2 2
A= A]kz +A2k_L + DISZZ + Dz(gxx +€yy ),
0= Agk2 + Ak} + Dyeyy + Dylony +4y )
€4 =Exx —Eyy T 20y,
82+ = SXZ +i8yZ’
ky =k +iky,

ki=ki+k;
The parameters D; (j = 1 to 6) are the deformation potentials for the VB, and 4; (j = 1 to 7) are
equivalent to the Luttinger parameters (see ref. [46] for details) and determine the hole effective
masses; €;,, and kj (I, m = x, y, z) are the strain and wavevectors components, respectively. A; is

the crystal-field parameter, while A, and Az are the spin-orbit energy parameters. The basis for

H" is given by the usual choice —}5|X +iY,a>, —\/%IX +iY,,B), Z,a), IZ,,B), %‘X —iY,a),

-1y, ,B) Here, |X >, Y ), and |Z> have the symmetry properties of the atomic px, py, and

1
—|X
7
p. orbital functions. |a'> and | ,b’) denote the spin wavefunctions corresponding to spin up and

spin down. The diagonalization of the above matrix yields the three distinct VB maxima E ;.

The Hamiltonian for the strain dependence of the CB minimum is given by a 2x2 matrix

with basis |S,0{> and IS , ,B) . The eigenvalue of the Hamiltonian can be expressed by

2,2 2.2
n’kg Bk @
2me” 2mel

E.=0g,; 0 (Bxx TEyy)+

10/28/2004 12
9:28 PM




where o, ,0, and m,, m,, denote the CB deformation potentials and electron effective mass,

eff >
respectively. Since in the following analysis we will be only interested in the ground state
energies (k = 0), we will find that the above expressions of Eqs. 6 and 7 are substantially

simplified.

C. Polarization effects in nitride semiconductors

A sizable red-shift of the ground-level transitions of wurtzite nitride semiconductor
quantum wells has been observed by various groups [48,49,50,51] for increasing well width.
This phenomenon is sometimes accompanied by the concomitant reduction of the oscillator
strength and by the increase of the decay time of the transition. All together, these effects point
towards the existence of strong built-in electrostatic fields in wurtzite nitride semiconductors,
which causes a substantial quantum-confined Stark effect (QCSE) [3]. The underlying
phenomenon is the presence of large electrical polarization fields in wurtzite nitride
semiconductors: the spontaneous polarizations are of the same order of magnitude as those of
ferroelectrics [52]. As we already mentioned in the Introduction, the magnitude of the
piezoelectric constants considerably exceeds that of other III-V semiconductors.

The presence of polarization is strongly connected to the unit cell symmetry of a crystal.
Nitride semiconductors exist in both the zincblende and wurtzite structures. In both cases, each
group-III atom is tetrahedrally coordinated to four nitrogen atoms. The main difference between
these two structures is the stacking sequence of close packed diatomic planes. These stacking
sequences are ABABAB along the wurtzite {0001} directions and ABCABC along the

zincblende {111} directions. This difference in stacking sequence results in distinct space group

symmetries: P63mc for wurtzite and F4 3m for zincblende.
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In the absence of external electric fields, the total macroscopic polarization P of a solid is
the sum of the spontaneous polarization of the equilibrium structure and of the strain-induced,
piezoelectric polarization. The zincblende compound semiconductors such as GaAs and InP
have four symmetry equivalent polar <111> axes whose contributions cancel each other in
equilibrium. Hence, these materials are free of electrical polarization at equilibrium. In contrast,
the wurtzite phase has a singular polar axis, namely, the [0001] axis. Thus, the wurtzite phase
has a spontaneous electrical polarization parallel to the [0001] direction even at equilibrium.

In practice, semiconductor layers are often grown under strain due to the lattice mismatch
with the underlying substrate. Such deformations of the unit cell can lead to additional
piezoelectric polarization. The presence of this kind of polarization is again closely related to the
unit cell symmetry, namely, the lack of inversion symmetry. The contributions of the four polar
axes of zincblende structures cancel each other for growth along a <001> direction. However,
growth along one of the polar axes reduces the symmetry and the crystal exhibits piezoelectric
polarization. In contrast, the wurtzite structure with its unique polar [0001] axis always carry
piezoelectric polarization for any growth direction. The total electric polarization P is the sum of
spontaneous polarization Py, and piezoelectric polarization Pp,.

In general, the elementary cell of material under consideration can be subjected to an
arbitrary strain g;. By taking into account the symmetry of the space group P6smc of wurtzite

GaN, the piezoelectric polarization is related to strains as [53]:

8X)(

0 0 0 0 ¢s O zyy
P,={0 0 0 ¢5 0 O 8” (8)

e51 €3 e3 0 0 o)

8XZ

€ xy
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with the elements e;; of the piezoelectric tensor in Voigt notation [54].

Any spatial change in total polarization P leads to a fixed charge p = -V-P. Prime
examples are two dimensional electron gases at (Al,Ga)N/GaN interfaces and alternating sheet
charge in quantum wells giving rise to the quantum-confined Stark effect [3,55]. In the
following analysis we will calculate the distribution of fixed charges induced by subsurface

stressors.
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ll. Description of the Model

In our model, shown schematically in Fig. 4, the dilatation stressor is located at

V2 —0 and z=h. The material surrounding the stressor is considered either to be

r=(x"+y%)
a uniform GaN matrix or a GaN/In,Ga; N/GaN single quantum well (QW) which is grown

pseudomorphically between the stressor and the free surface. The designations for the

characteristic lengths &, hqgw , and gy are also shown in the Fig. 4. The z=0 plane is taken
as the (0001) sample surface and the z-axis points into the sample, hence, the z-axis is parallel to

[OOOi]. As we already discussed in Section IIA, the elastic properties of a medium are, in

general, anisotropic and the stressor may have arbitrary shape and size leading to complex elastic
field in close vicinity to the stressor, thus, requiring rather elaborate analytical or finite element
(FEM) calculations. To simplify the model and proceed with analytically tractable results, the
following approximations were employed: (i) the stressor is taken as either point stressor (PS) or
dilatation ellispsoidal inclusion (EI); (ii) the same elastic constants were used for (In,Ga)N and
GaN; (iii) isotropic elasticity is used with an effective Poisson’s ratio and shear modulus, which
are derived from anisotropic elastic constants of GaN (see the Appendix for details). We note
that the ellipsoidal inclusion provides a good approximation for the elastic fields of inclusions
with more complex shapes [36].

As shown in the Background, the strength of the stressor can be defined via S = fV, where
V is the stressor volume and fis the crystal lattice mismatch between material of the stressor and
surrounding material. The volume of the stressor can be directly estimated from the
experimental data of QD structures in IlI-nitride semiconductors [4,56]. We consider QDs
embedded in a GaN matrix with typical dot dimensions of around 20 nm as a lateral size in the

basal plane and a height along the z-axis of approximately 2 nm, similar to recently reported
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GaN dots in an AIN matrix [56]. For simplicity we presbn'be a volume of 200n nm’ to the
stressor. In our numerical examples we will always use this value for V.

The effective misfit parameter f for wurtzite semiconductors can be estimated by taking
into account the difference in crystal lattice translations in the basal plane and in the z-axis

direction. The lattice parameters of Ill-nitrides are given in Table II. For such materials one can

introduce a pair of misfit parameters, i.e. fa and f c

fa =0 . f.=-2 , (9a,b)

where a.»aq and € €4 are the a and ¢ are the wurtzite lattice parameters of the matrix and
the dot, respectively. Then, the effective stressor/matrix mismatch can be defined as

f=ia;—1—c°—. (10)

The results of Eq. 10 are summarized in the Table III for a number of possible combinations of
the dot and matrix materials. One can see that for II-nitrides both “positive” (f > 0) and
“negative” (f < 0) stressors can be realized (at least hypothetically).

After the strength of the stressor is determined via the effective misfit f and the effective

stressor

volume V, the elastic field & induced in the matrix by the stressor is found by applying the

formulas for PS and EI described in the Background section. As it follows from the analysis for
the case of elastic isotropy, the only material parameter appearing in the stressor strain
distributions is Poisson’s ratio. Since wurtzite GaN is elastically anisotropic, we choose to use
an effective Poisson’s ratio V. (given by Eq. A18 in the Appendix), which was derived by
averaging Poisson’s ratios along the three mutually perpendicular axes chosen in characteristic

crystallographic directions:
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;:_l(.ﬁ_g,+_s__12 + 513 j (11)

3833 511
where s, are the elastic compliances for GaN. Using the elastic constants from ref. [57] we

obtain v=0.234.
When a pseudomorphically grown single QW is considered, additional uniform strains

e

i are generated inside the well:

W W W 2v
s%( =s$y = fows s?z =——1—_VfQW' (12a,b)

where the misfit parameter for the QW f,, is defined as

a,—a
fow = (13)
aQw

The in-plane lattice parameter aqgy, of the QW material with the composition In,Ga; 4N can be

found in accordance with the Vegard’s law:
aQW = xaInN + (1 _x)aGaN . (14)
Using Egs. 13 and 14 and taking into account the data for the lattice parameters of GaN and InN

(Table II), we obtain f,, = -0.016 and -0.0055 for In contents of x = 0.15 and 0.05,

respectively.
Finally, the combined action of the stressor and the QW is given by the superposition of

the corresponding elastic strains:

total __ _ stressor

g =e e (15)

To evaluate the influence of the stressor on the material electronic properties we apply a kep

approach as presented in the Background. For deformation potentials of GaN we use the Set I
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from the Table IV that corresponds to parameters utilized in our preliminary publication [26].
Because the data on deformation potentials for wurtzite III-nitrides are diverse, we also have
checked different sets of values, which are also included as Set II and Set III in the Table IV. Set
II are recommended band structure parameters from a recent review article by Vurgaftman and
Meyer [58] and Set III represents the data used by Van de Walle in his study of “absolute”
deformation potentials and the band offsets at wurtzite III-nitrides heterojunctions [59]. We note
that in spite of distinctly different values of the individual deformation potentials, all three sets
provide comparable values for interband deformation potentials, i.e., a; = oy - D; and a; = o,-
D,. Tt also will be shown in the next section that all the above sets of parameters have the similar
effect on the band edge shifts in III-nitrides induced by subsurface stressors.

For the analysis of the stressor induced polarization charges we use the following values
of piezoelectric coefficient for GaN: e35= 0.73 Cm’, e3;= -0.49 Cm [60], and e;5= -0.40 Cm”?,
where the value of the coefficient e;s is the estimate obtained on the averaging the data reported

in refs. [25] and [61].
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IV. Stressor-Induced Band Edge Shifts

The change of the valence band structure is non-linear with strain as these energies
represent the eigenvalues of a 6x6 Hamiltonian in the kp calculations, see the Background
section for details. We will examine the shifts of the conduction and valence band edges due to
the subsurface stressor strain field by utilizing the k-p perturbation approach developed by Bir
and Pikus [1] and employing the corresponding deformation potentials for GaN [3]. Due to
strain, both the CB and the VB states, i.e. heavy-hole (HH), light-hole (LH) and crystal-field
split-off hole (SCH), are modified leading to shifts of the corresponding band edges relative to
their values for unstrained material. The stressor strain field leads to changes in the original VB
states such that it is no longer correct to simply describe them as HH, LH and SCH [26].
Therefore we label the individual VBs as top, middle and bottom VB according to their energy

with the top VB being closest to the CB.

The shifts of the CB energies E*" in a uniform GaN matrix due to positive and negative

subsurface PSs are shown in Fig. 5. We use parameters for the PSs that are equivalent in the far
field to IngsGagsN and AIN QDs with misfit parameters f = 0.051 and f = -0.030, respectively.
All the results shown for the PS are calculated within the valid range of the point source
approximation as we do not approach the point source closer than its characteristic length I.. The
shift of the CB is proportional to the hydrostatic strain (e.g. see Eq. (7) in background section),
hence, Fig. 5 resembles Fig. 3a in different units. We see that either a positive or negative PS
leads to only slight changes in the CB energy in the subsurface region above the stressor. In

contrast, the changes in the VB energies E*' (induced by PSs and shown in Fig. 6) show a

rather complex dependence on the actual location. In-plane and out-of-plane cross-sections of

the VB structure are shown along the z-axis and for two different depths z in Fig. 6a, and Figs. 6b
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and c, respectively. In Figure 6 the left column gives results for the positive PS, whereas the
right column provides the results for the negative PS. The lower part of the figure, i.e. Fig. 6d,
presents results for the other set of band structure parameters, namely Set II from Table IV. Near
the surface the VBs have relative separations only slightly different from the values of unstrained
material, see Fig. 6a. However, in the case of the positive PS, with increasing depth z, the
separation of the top and middle VBs decreases until they cross (at z = 25 nm for the parameters
used for Fig. 6). Finally, the top VB moves towards the CB while the other two VBs bend away
from the CB, maintaining their separation. For the negative PS such a behavior is not observed,
in this case no crossing occurs but both the top and the middle VBs move towards the CB when
approaching the negative PS.

As it follows from Figs. 6b and 6¢ (left and right), for > h, the VBs are only weakly
affected by the presence of the stressor regardless of the depth z. Close to the sample surface
(Fig. 6b), the relative positions of the VBs only change slightly close to the symmetry axis. This
influence is due to hydrostatic component of the strain tensor. When approaching the stressor,
see Fig. 6¢, its effect becomes visible even still inside the region of the far field approximation.
The remarkable feature of the PS influence on the VB structure is the unidirectional effect of
positive and negative stressors. Both types of stressor raise the top VB level.

It is clear from the comparison of the Figs. 6¢ and 6d that the use of the different set of
deformation potential parameters, i.e. Set II instead Set I, does not change the main conclusion
on the character of the stressor influence on the shift of the valence band edge. The same
observation was also obtained for the parameters of Set III from the Table IV. Therefore all the

following reported results were obtained by using the deformation potential parameters of Set L.
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It is interesting to consider the case of a GaN/InsGa;xN/GaN QW structure which will
provide vertical confinement of the carriers. The total strain field from Eq. 15 was used as input
for the Hamiltonian in the k+p calculations. For a positive stressor we obtained a CB potential
exhibiting lateral electron confinement at r = 0 regardless of the actual depth of the quantum
well. However, holes will be either trapped away or at r = 0 depending on the actual location of
the well. Therefore, we identify two important possibilities. For a shallow well close to the
surface, electrons and holes show significant lateral separation and thus would have low radiative
recombination rates. However, for a quantum well sufficiently close to the stressor, both
electrons and holes may be trapped at r = 0 in such a way that they are spatially localized
resulting in a strain-induced quantum dot inside the quantum well. To investigate this effect in
detail we use an El instead of a PS since the QW may stay in close proximity to a stressor.

Figure 7 provides the results of the VB calculations for an EI placed at the depth & = 41

nm in a GaN matrix with an additional QW characterized by hqw =3 nm, and lgw =4 nm. The

material for the EI was chosen to be either IngsGagsN (positive stressor with f= 0.051) or AIN
(negative stressor with f = -0.030); the volume of the EI was taken as V = 200n nm’. The
material in the In,Ga;.,N QW corresponds to either x = 0.05 (moderate strained well) or x = 0.15
(strongly strained well). From the analysis of the plots we may see the difference regarding the
results obtained for the point stressor. In the case of positive EI, the local minimum in the VB
profile emerges just above the center of the ellipsoid, i.e. at r = 0. For a strongly strained QW
the minimum can be even lower than the far field (large ) VB energy level, as shown in Fig. 7b.
At the same time, there is a pronounced maximum of the order of 50 to 100 meV shifted towards

the ends of ellipsoid. For a negative EI, the top VB has the maximum above the inclusion center.
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The characteristic change in E*' with respect to the values for the QW in the absence of the

stressor is ~50 meV.
In the general case, from our simplified description we cannot predict the exact positions

of VB and CB edges but can provide only relative change in their energy due to deformation

effects. Useful information, however, can be obtained for the change of the energy gap AE, in

strain-induced QD, as it is presented in Fig. 8. In the z-direction there is a sharp change of AE,,

which is caused mainly by the chemical composition and uniform strain inside the QW. This
effect is combined with the effect of the stressor. In the r-direction the influence of the non-
uniform strain of the EI manifests itself more clearly. For example, the negative stressor (see
Fig. 8b right) demonstrates the non-uniform strain-related reduction of the band gap of the order

of 50 meV. To calibrate the results of the calculations we utilized the following value for the

gap change in the strained Ing15GagssN QW: AESW = -0.61 eV. This value was obtained by

dE
extrapolating the experimentally found coefficient 7xg—=-4.1 eV for pseudomorphically

strained In,Ga;N layers [62]. It is clear from Fig. 8b that negative stressors in the vicinity of

QWs can give rise to strain-induced dots within the wells.

10/28/2004 23
9:28 PM




V. Stressor-Induced Polarization Charges

The density of fixed polarization charges in the system with the stressor is related to local
variations of the total polarization P, which is the sum of the spontaneous and the piezoelectric
polarization Py, and Py, respectively. The spontaneous and piezoelectric polarization constants
of ternary alloys are linearly interpolated between the corresponding values of the binaries. For
calculating Pp, we employ (see Eq. 8 above) the piezoelectric tensor of wurtzite nitride

semiconductors, which gives us

€15€xz
pz — elSSyz > (16)
e31(8xx + Syy) Te338,

-]
|

where the piezoelectric constants of GaNe,;, €3; and e;; has the values given in the section IIL.
Finally, the density of fixed polarization charges p(x,y,z) is given by -V-P.

The example of these calculations is shown in Fig. 9 for the positive stressor in the
absence of a quantum well. The fixed charge density o exhibits the same symmetry as the
strain field, i.e. rotational symmetry with respect to the z-axis, i.e. o(x,y,z)= p(r,z). This
finding is due to the symmetry of the piezoelectric tensor and it is in contrast to the case of a
stressor in a zincblende crystal where the z-axis has 4 symmetry axis for the polarization charge
density leading to a quadrupole of the fixed electric charge density [14]. As seen from Fig. 9,
both positive and negative polarization charges are present. For large in-plane separations r, we
have a relatively low density of negative fixed charges in the 10" cm™ range. As we approach
the z-axis, we can distinguish two regimes. Close to the surface, we have positive fixed charges
in the mid to high 10 cm? range. This charge density can be easily screened by free electrons

taking into account the usually reported unintentional n-type doping level of 10'-10"7 cm™ in
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GaN. In contrast, for larger depths negative fixed charges are found which can be as high as in

the mid 10'® cm™ range at a distance of I, from the stressor on the z-axis.

In general, one has to combine the effects of deformation potentials and polarization
charges in order to obtain self-consistent solutions for wave functions and energies of electrons
and holes. Therefore, one has to solve both the Schrodinger and the Poisson equations
simultaneously which is straightforward in one-dimension (see e.g., ref. [63]), however, is a
substantial numerical task in two or three dimensions. In this work we restricted ourselves to the
uncoupled effects of deformation potentials and polarization charges but will pursue self-
consistent solutions in future work.

In the absence of solutions of both the Schrodinger and the Poisson equations, we can
still gain insight into the results of this work. In n-type material, the Fermi level should remain
close to the CB, thus most, if not all, of the strain-induced band motion will be in the VB. A
positive stressor will give rise to a negative polarization-induced fixed charge density in the
surrounding matrix (see Fig. 9) and additionally, a positive stressor in n-type material will cause
upward motion of the VB (see Fig. 6). Thus, in n-type materials, excess holes, such as generated
by photoexcitation or electrical injection, will be attracted to the stressor. InyGa;xN or InN dots
in an n-type GaN matrix should be a reasonable realization of this case — the In,Ga;..N dots will
be a positive stressor and intentional or unintentional doping of the GaN matrix is readily
achieved. Analogous arguments can be developed for negative stressors. In this case, favorable
structures p-type matrices with negative stressors would attract minority carriers (electrons in

this case).
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VI. Summary and Conclusions

We have investigated the influence of non-uniform elastic field that originates from a
subsurface stressor (e.g., quantum dot) on the electronic properties of Ill-nitrides. Two different
analytical models of subsurface stressors were explored: (i) point source of dilatation, i.e. point
stressor (PS) and (ii) dilatation ellipsoidal inclusion (EI). The stressor effective strength was
shown to be equal to the product of the inclusion volume V and lattice mismatch f between the
materials of the inclusion and surrounding matrix. The cases of “positive” (e.g., IngsGagsN
inclusion, f = 0.051) and “negative” (e.g., AIN inclusion, f = -0.030) stressors in GaN matrix

have been considered. It was argued that the PS model is valid for all stressors in the far field
and therefore can be applied with a good accuracy at distance >, =yl3 (in case of not

extremely elongated inclusions).

We proposed and analyzed the following material structure design: a uniform semi-
infinite GaN matrix with a buried stressor or GaN matrix with a single InGa;xN (x = 0.05 and
0.15) quantum well which is grown pseuodomorphically between the stressor and the free
surface. The presence of the strained QW is responsible for the vertical confinement for electron
and holes, whereas the presence of the buried stressor can provide lateral confinement of the
carriers.

To examine the shifts of the conduction and valence band edges caused by the stressor
we applied a k-p perturbation theory approach with prescribed values of deformation potentials
typical for IllI-nitrides. We found that buried stressors only affect the conduction band in the
near surface region. For “deep” stressors (placed at large distance) from the surface the effect is
small. Significant influence has been found of stressors on the valence band shift. It has been

demonstrated that both negative and positive stressors cause upward motion of top valence band.
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In the vicinity of the either an AIN or IngsGagsN stressor, the change in energy of the top
valence band can be on the order of 50 meV. Stressors in the vicinity of a quantum well provide
the possibility for forming strain-induced quantum dots within the quantum well with lateral
confinement also on the order of 50 meV.

In addition to the effect of band edge shift and the change in the energy gap via
deformation potentials, subsurface stressors are responsible for the formation of polarization
charges, with their distribution depending on symmetry of the piezoelectric tensor and the
character of the stressor deformation field. It was shown that positive stressors with strength
typical for experimentally observed in III-nitrides quantum dots give rise to large negative space
charge in the vicinity of the stressor.

A complete understanding of the optical emission behavior of III-N structures should
include effects of heterogeneous strain caused by composition fluctuations, dislocations, and

intentional or unintentional stressors.
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Appendix

Stresses for the point source of dilatation — “positive” PS

In the coordinate system (x,,x,,x,) related to the free surface of the isotropic half space,

the PS occupies the position (0,0,%4). Its stresses are [36,64]:

o s SUrW| @ (1) L (4 9 (2
Y 275(1—\’) axian Rl v axg’ R2 3 ax::,axian R2
82 1 9* (1 > (1
-4v +3)(-1+04; +9d5; — 04 — 34,

(A1)

where S is the PS strength, G is the shear modulus, v is Poisson’s ratio, Sij is Kroneker delta,

and R, =x2+x2+(x, Th)> . The hydrostatic pressure is defined as

1 1
P=—=Cy === Oy (A2)
3 3%
which gives the following result for the subsurface PS:

2
pz_gG(l‘f‘V) _a_( J' (A3)

—— 6,8,). (A4)
v

(AS)
where the coefficient in front of the pressure p on the right hand side of Eq. A5 has the meaning
of inverse bulk modulus.
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Stresses for the dilatating ellipsoidal inclusion — “positive” El
As shown by Mura [43,64], the stress field for an EI in a half-space can be obtained by

integrating the displacement field that gave rise to Eq. (A1) over the domain

2 2 ’ 2
XX 3o o (A6)
ai a3 4

where a;, as, and a3 denote the semi-axes of the ellipsoid along the respective coordinate
directions, and & denotes the depth of the center of the ellipsoid from the surface. For points

exterior to the inclusion, the stress components take the form

2 3 3
Gij: G(1+V) - 9 hd — X3 o i +4V6ij§"2
2n(l-v)| Ox;0x; 0x30%;0x X3
EN >
(B AV)®y + 83 ~ D — (85 + 33— |, (A7)
axiaxj axian
where
( y§ LY ]
:3"] al+s a2+s al+s s (AS)
4, +s)(a2+s)(a3+s)
with
2 2 2
2)’1 + 2}’2 + 2)’3 =1; (A9)
a +h a;+A a;+h
and
2 2
3@1—( ZZ‘+ + Zzi + fiJ
g=2 [Tl BTF KT g (A10)
47 @ +s)ad+s)ai+s)
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with

2 2 2
IV S S (A11)
a’+p a,+p a;+p

The coordinate transformation for y; and z; is defined such that

1=21 =X, Y2 =2y =Xy, y3t+h=23-h=1x3. (A12)
It was found that the integrals represented by Eqs. A8 and A10, which require the roots of Egs.
A9 and All, respectively, for 4 and y, can be obtained analytically in terms of elementary
functions if at least two of the semi-axes ai, a, and a3 are equal [36]. We make use this property

in our analysis of subsurface EI influence on the materials band structure.

Effective Poisson’s ratio in materials with wurtzite crystal structure

_ Etrans

Poisson’s ratio v of a material is defined as v = where €ong and €qans are the

810ng
longitudinal and the transverse strain responses, respectively, to a longitudinal tensile stress

(load) Giong. It is assumed that the transverse direction is stress-free.

Wurtzite GaN is elastically anisotropic, hence, the Poisson’s ratio is also anisotropic.

Here, we choose to use an isotropic Poisson ratio v which is obtained by averaging the three
Poisson ratios along the three Cartesian axes, which correspond to high symmetry directions of
wurtzite. These individual Poisson’s ratios are obtained using the Hooke’s law relation between

normal stresses and strains in a case of elastic anisotropy:

€xx S11 %12 513 || Oxx
Syy =182 811 13 ny (A13)
€2z S13 13 S13 A\Cz
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where s;; are the elastic compliance constants in Voigt notation [54].

In the following, we express the Poisson ratio vy in terms of the stiffness constants by
Setting Gyy(yy.zz) = Olong @Nd the two remaining stresses to zero as the transverse directions are
free surfaces. Since the xy-plane is chosen normal to the c-direction it is elastically isotropic.

Thus the transverse strain is also isotropic in this plane for a given longitudinal strain along the z-

axis. Thus, for 6,, = 0}y,, We obtain

513X Olong = Exx = E€yys 533 XOlong =€z (Al4)
leading to
__S513
=T (A15)
533

However, the xz and yz planes are anisotropic. Then for 6 ,(,y) = Ojong We get

511 XOClong = Exx(yy)> 512 %Olong = Eyy(xx)» $13XOlong = €2z - (A16)

We define an average Poisson’s ratio along x (and y) by

+
v, =v, =273 (AL7)
2511
Finally, we obtain
;:2vx+v2=__1_ ﬂ3_+.912+S13 . (ALS)
3 3 S33 Sll
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Figure Captions

Figure 1

Figure 2

Figure 3
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Strain induced quantum dots in semiconductor structures.

(a) QD induced in a QW by a surface stressor, e.g. InP or InAs, in materials with zinc

blende crystal structure.

(b) QD induced by buried stressor, e.g. InN, in materials with wurtzite crystal

structure.

The models proposed for analytical treatment of subsurface stressors in GaN.

(a) Schematic for a point stressor (PS) placed in a GaN layer. The PS is described by
three orthogonal force dipoles with separation d and magnitude P acting on the faces

of a cube with volume & in the limit of d — O.

(b) Dilatating oblate ellipsoidal inclusion (EI) with volume V=%7rai?‘a3 and

mismatch f with respect to the surrounding material. Two of three principle diameters

of the ellipsoid are assumed to be equal, i.e. a, =q,.

Comparison of point versus ellipsoidal stressor.

(a) Hydrostatic strain (dilatation field) g;(r,z) induced by the subsurface stressors.

S (1+v)1-2v)

(v where S is the effective strength of
-V

The strain is given in units of
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Figure 4

Figure 5
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the stressor placed at the distance  from the free surface of an isotropic half-space

and v is Poisson’s ratio.

(b) Dependence of the radial strain g (0, z) on depth in the GaN layer. The stressor

(EI or PS) is located at a distance 2 = 41 nm from the surface and has effective
strength S = fV equivalent to an IngsGagsN inclusion with a volume of 200x nm’ and
f=0.051. The strain is normalized by 1.26x10™*, which corresponds to an effective
Poisson ratiov = 0.234 for GaN. Results for ellipsoidal and point stressors are shown

by solid and dashed lines, respectively.

Characteristic distances for a buried stressor in GaN layer with embedded QW.

The sample surface z =0 corresponds to the (0001) GaN growth plane with the z-axis

in the [OOOT] crystallographic direction.

Map for GaN conduction band edge changes E*'due to strain fields of buried

stressors.

(a) For the positive PS with effective strength S = fV equivalent to an IngsGagsN

inclusion with a volume of 200x nm® and f=0.051.

(b) For the negative PS with effective strength S = fV equivalent to an AIN inclusion
with a volume of 200% nm® and f = - 0.030. The stressors are located at a distance h
= 41 nm from the surface The effective Poisson’s ratio was taken asv = 0.234, the

contour values are given in meV.
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Figure 6

Figure 7
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Strain induced change E*' in the valence band structure of GaN due to the presence

of the subsurface point stressors.
(a) Dependence of the valence band maxima on depth z for r = 0.

(b), (c), (d) Radial dependencies for the energy of valence bands for z = 15, z = 33

nm, and z = 33 nm (Set II), respectively.

Results for parts (a), (b), and (c) were obtained for deformation potential parameters
from the Set I, results for (d) were obtained for deformation potential parameters from
the Set II. Valence bands are designated as top, middle and bottom ones, respectively
(top closest to the conduction band). The left column presents the results for
“positive” PS, with the effective strength S equivalent to IngsGagsN inclusion with a
volume of 200z nm’ and f = 0.051. The right column presents the results for
“negative” PS, with the effective strength S equivalent to AIN inclusion with a
volume of 200r nm’ and f = - 0.030. The distance from the stressor to the layer

surface is # = 41 nm. The effective Poisson’s ratio was taken as v =0.234.

Dependence of the strain-induced change E®' in the valence band structure on

spatial coordinates for GaN/In,Ga;.\N/GaN QW sandwich structure in the presence of

the subsurface ellipsoidal stressors:

(a) for x = 0.05 and “positive” IngsGagsN EI;
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Figure 8

Figure 9
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(b) for x = 0.15 and “positive” IngsGaosN EL (c) for x = 0.15 and “negative” AIN
EL
Stressors parameters: volume V = 200w nm3, aspect ratio a, =a, =3, h = 41 nm.

QW parameters: hqw = 3 nm, lqw = 4 nm. The effective Poisson’s ratio was taken as
v =0.234. The dashed lines show the top VB level in the absence of stressor. The

plots are given for the bottom of the QW as shown schematically in insert in (b).

Change of the band gap in GaN/In,Ga;..N/GaN QW sandwich due to buried

ellipsoidal stressors.
(a) Band gap dependence on depth z for r = 0,

(b) Band gap dependence on the in-plane position near the top and the bottom of the

QWwW.

The left and right columns present results for “positive” IngsGagsN and “negative”

AIN Els, respectively. Stressors parameters: volume V = 200n nm’, aspect

ratioa, = a, =3, h = 41 nm. QW parameters: X = 0.15, hqw = 3 nm, low = 4 nm.

The effective Poisson’s ratio was taken as vV =0.234. Dashed line shows the top VB

level in the absence of stressor.

Spatial dependence of the subsurface stressor induced fixed polarization charge

density.
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(a) Map for charge distribution in GaN due to the strain field of the buried stressor;

the contour values for the charge density are given in 10'%|e[/cm’.
(b) Radial dependencies for the charge density for z = 1 and z = 15 nm, respectively.

The plots were obtained for a “positive” PS located at a distance ~ = 41 nm from the
surface and with effective strength S = fV equivalent to an IngsGagsN inclusion with
a volume of 200r nm’ and f = 0.0507. The effective Poisson’s ratio was taken

as v =0.234, the values for polarization coefficients are given in the text.
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Table I Comparison of GaAs and GaN response to elastic strain.

10/28/2004
9:28 PM

Data for GaAs are taken from ref. [14]; for GaN data see section 3.

Band a Interband hydrostatic | Typical magnitude for
Material Vg P | deformation potential | piezoelectric coefficient
V) V) (Cm?)
GaAs 1.42 a.-a,=-1.9 el =-0.16
aj=o0-Dy=-3.1
GaN 3.45 e3=-0.49

a2=al—D2=-11.2
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Table II Crystal lattice parameters of II-nitrides with wurtzite structure [65,58].

Lattice parameters AIN GaN InN
a (A) 3.112 3.189 3.54
¢ (A) 4.982 5.185 5.705
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Table II1

Effective lattice mismatch for wurtzite III-nitrides.

Material Misfit
parameter
Stressor Matrix f
GaN AIN 0.029
InN GaN 0.096
Ino_sGaojN GaN 0.051
AIN GaN -0.030

10/28/2004
9:28 PM
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Table IV Band structure parameters of wurtzite GaN.

10/28/2004
9:28 PM

Set I, ref. [3]

Set II, ref. [58]

Set III, ref.[59]

Parameters V) V) V)
Ay 0.022 0.010 -
A 0.005 0.017 -
o -45.5 -8.6 6.0
oy -44.5 -6.8 -6.0
D, -41.4 -3.7 0.11
D, -33.3 4.5 5.54
Ds 8.2 8.2 5.76
Dy -4.1 -4.1 -3.04
Ds -4.7 -4.0 )
De Dg=(D3+4 Ds)/N2 (see ref. [46] and references

therein).
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GaN quantum dot density control by rf-plasma molecular beam epitaxy

J. Brown
Materials Department, University of California, Santa Barbara, CA 93106-5050

F. Wu
NICP/JST ERATO, UCSB Group, University of California, Santa Barbara, CA 93106-5050

P. M. Petroff
Materials Department, University of California, Santa Barbara, CA 93106-5050

J. S. Speck?®
Materials Department and NICP/JIST ERATO, UCSB Group, University of California, Santa Barbara,
CA 93106-5050

(Received 23 September 2003; accepted 10 December 2003)

We report on the growth of GaN quantum dots and the control of their density in the Stranski-
Krastanov mode on AIN (0001) by rf-plasma molecular beam epitaxy at 750 °C. After depositing the
equivalent of 2—3 ML GaN coverage, as limited by N fluence under Ga-droplet growth conditions,
excess Ga was desorbed and Stranski—Krastanov islands formed under vacuum. We present the
dependence of island density as a function of GaN coverage (for two growth rates: 0.10 and 0.23
ML/s), as estimated from atomic force microscopy and cross-sectional transmission electron
microscopy. With a GaN growth rate of 0.23 ML/s, the island density was found to vary from less
than 3.0% 108-9.2X 10'® cm™2 as the GaN coverage was varied from 2.2 (critical thickness) to 3.0
ML. For a GaN growth rate of 0.10 ML/s, the island density varied from 2.0X 10'° to 7.0
% 10'% cm™? over a GaN coverage range of 2.0-3.0 ML. For each growth rate, the GaN islands
were found to be of nearly uniform size, independent of the quantum dot density. © 2004

American Institute of Physics. [DOI: 10.1063/1.1645333]

The control of GaN quantum dot (QD) size and density
is of great interest for the fabrication of QD devices and
investigation of their physical properties. Low-density, size-
controlled GaN QDs are necessary for the study of spatially
isolated QDs by techniques such as cathodoluminescence
and microphotoluminescence without the need for metal
masks or etched mesas. Higher densities of GaN QDs are
potentially useful to improve the efficiency of active regions
for optoelectronics applications for emission of ultraviolet to
blue light.

Several groups have demonstrated control of GaN QD
growth by metalorganic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE).!™* In rf-
plasma MBE of GaN on AIN (0001) at 750 °C, it has been
shown that above 2.5 ML coverage, GaN will transition from
a coherently strained two-dimensional (2D) layer to the
Stranski—Krastanov (SK) configuration [coherently strained
2D wetting layer plus three-dimensional (3D) islands].® Si-
multaneous size and limited density control has also been
demonstrated; small, high-density SK islands have been rip-
ened under N flux or vacuum to produce larger, low-density
islands.* Recently, significant progress has been made toward
understanding the surfactant effect of excess Ga in thin film
GaN growth (under a dynamically stable Ga adlayer) on AIN
(0001) by rf-plasma MBE.>® Despite recent progress in con-
trol of the growth of GaN QDs by rf-plasma MBE, the low-
est reported density of MBE-grown GaN QDs is 4

YAuthor to whom correspondence should be addressed; electronic mail:
speck@mirl.ucsb.edu

0003-6951/2004/84(5)/690/3/$22.00

%10 cm™2 at 3 ML of GaN coverage.® In this work, we
report growth of GaN QDs by plasma-assisted MBE with
densities from 3.0X10% to 9.2x10' cm™2 via control of
N-limited GaN coverage prior to the SK transition. We show
that the density of GaN QDs may be varied, nearly indepen-
dent of mean GaN QD size, via N-fluence control under
Ga-rich conditions.

Growths were performed in an Applied EPI Gen II MBE
system, equipped with conventional Al and Ga Knudsen ef-
fusion cells and a standard Unibulb nitrogen rf-plasma
sources. We used ex situ high-resolution x-ray diffraction of
GaN/Aly ;Gay N superlattices grown on ~2-um-thick
MOCVD-GaN template to calibrate the N-limited GaN
growth rate corresponding to 150 W rf-plasma forward
power and 0.2-0.4 sccm nitrogen flow. Radial (w-26), triple-
axis x-ray diffraction scans about GaN (0002) were com-
pared to dynamical simulations® to correlate layer thickness,
grown under Ga-droplet conditions, to deposition time. The
N-limited growth rate uncertainty (1%, typical) determined
for each superlattice sample by this method was less than the
overall fluctuation of the growth rate (£1.9%) for separate
sample growths within the two growth rates used in this
study.

GaN QDs were grown at 750 °C by rf-plasma MBE on
partially relaxed 100 nm AIN buffers on ~2-um-thick
MOCVD-GaN on sapphire. AIN was grown under slightly
metal-rich conditions (f4,/fn~1.1). Before GaN deposition,
excess Al was consumed under N flux exposure (i.e., produc-
ing AIN). The AIN surfaces were simultaneously exposed to
Ga and N flux (4<fg,/fn<8), in the Ga-droplet regime at
750 °C.” Under these conditions, the nominal GaN coverage

© 2004 American Institute of Physics
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FIG. 1. SK island density for various GaN coverages for two GaN growth
rates. (a) AFM (amplitude) micrographs of GaN SK surfaces. (b) GaN SK
island density as a function of GaN coverage. Error bars indicate standard
deviation from separate measurements.

was specified by the supplied active N flux, which is under-
stood to diffuse rapidly on or through the excess Ga ad lay-
er(s). The morphological evolution of the surfaces was then
observed via reflection high-energy electron diffraction
(RHEED) along the [1120] azimuth under vacuum. Above
2.0 ML nominal GaN coverage, we observed the concurrent
desorption of excess Ga and the onset of the GaN SK tran-
sition after 5-20 s as evidenced by the RHEED transition
from 2D diffraction surface normal streaks to 3D diffraction
Bragg spots.>® The samples were either cooled immediately
and studied by atomic force microscopy (AFM), or over-
grown with AIN for examination by cross-section transmis-
sion electron microscopy (TEM).

We used AFM to characterize GaN SK islands on par-
tially relaxed AIN buffers. In a series of ~1 cm? samples for
two growth rates (0.10(=1.9%) and 0.23(*1.9%) ML/s), we
observed a strong correlation between island density and
GaN coverage from 2.0 to 3.0 ML (Fig. 1). Independent of
growth rate, the island density saturated at ~9X10'% cm™2
at 3.0 ML GaN coverage. Below 3.0 ML coverage, the 0.10
ML/s growth rate series had higher island densities than the
0.23 ML/s series. The opportunity for increased N diffusion
(under excess Ga) prior to the SK transformation at the lower
growth rate may provide for enhanced diffusion of adatoms
to stable island nucleation sites. This effect may account for
higher island density at a given coverage for the lower
growth rate series. The difference between the island density
trends for the two series may also be a result of Ga fluence.
The Ga flux (1X 1076 beam equivalent pressure) and sub-
strate temperature (750°C) were held constant for both
growth rate series; the 0.10 ML/s series was exposed to ap-
proximately two times greater Ga fluence during the GaN
deposition under Ga-droplet conditions. Under our growth
conditions, the GaN surface was initially smooth under ad-
sorbed excess Ga, and subsequently evolved into the SK
configuration as the excess Ga desorbed. The delay after
GaN deposition, but before the SK transition, during which
N is able to diffuse rapidly, may be critical in the transition
from the (metastable) coherently strained 2D layer to the
partially relaxed SK configuration.

Within the limits of AFM measurement, the mean GaN
SK island heights and diameters were nearly independent of
the island density for each growth rate. As the GaN coverage

was varied from 2.2 to 3.0 ML gGaN %rowth rate: 0.23 ML/
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FIG. 2. (a) Cross section TEM micrograph of a stack of GaN SK islands
(QDs) with varying GaN coverage in AIN (0001). (b) Estimated density of
SK islands as a function of GaN coverage by AFM and TEM. Error bars are
one standard deviation.

s), the mean island height exhibited a modest increase (12%),
from 2.5+0.7 to 2.8 0.6 nm. Over the same range of GaN
coverage, the SK island height distributions remained large
(standard deviations 20%—30% of mean height) independent
of island density. The mean island diameter (full width at
half maximum) for the 0.23 ML/s series was also nearly
independent of coverage, exhibiting an overall mean of 11
+7 nm. For the lower growth rate (0.10 ML/s) series, the
mean island height was 2.4*0.7 nm, and the mean island
diameter was 167 nm. The QD sizes and densities ob-
tained from AFM measurements were used to estimate the
amount of GaN contained in the SK islands, assuming a lens
(spherical cap) island shape. For both growth rates, the
amount of GaN contained in the islands was equivalent to
the excess (above critical thickness for the SK transition)
GaN deposited. This indicates that after GaN deposition un-
der Ga droplet conditions, the excess Ga desorbs, but the
supplied N fluence remains on the surface during the SK
transition. The critical thickness for the 0.23 ML/s series was
2.2 ML, and for the 0.10 ML/s series the critical thickness
was apparently less than 2.0 ML. Our results indicate a GaN
(2D) “wetting layer” of approximately 2 ML is formed ini-
tially, followed by the formation of SK islands with excess
GaN.

To verify the control of GaN QD density (GaN SK is-
lands immediately covered by AIN) as a function of GaN
coverage, a multilayer stack of GaN QDs was examined by
two-beam TEM. The GaN coverage was varied from 2.1 to
2.8 ML, (growth rate: 0.10 ML/s), with 30 nm AIN spacer
layers. The dependence of QD density on coverage was con-
sistent with the relationship found on the uncapped GaN SK
surfaces (Fig. 2).

For moderate to high GaN coverage (above 2.5 ML), the
surfaces of individual ~1 cm? samples exhibited nearly uni-
form island density. The surface of a ~1 cm? sample (growth
rate 0.23 ML/s; coverage 2.2 ML) had a maximum island
density of 1.2X10° cm™2 and a minimum density of 3
% 10® cm™2. A contour plot of this surface (Fig. 3) was gen-
erated by the use of a correlation method to grid nine indi-
vidual island density data points into a 3 X3 matrix. The
island density decreased in the direction defined by the im-
pinging N plasma flux. The amount of available N (sticking
coefficient ~1 under excess Ga conditions)”® for GaN
growth is expected to decrease along the direction of N im-
pingement, consistent with our correlation of SK island den-

sity to GaN coverage as determined by the supplied active
license or copyright, see hitp://apl.aip.org/aplicopyright.jsp




692 Appl. Phys. Lett., Vol. 84, No. 5, 2 February 2004

s W\

X Axis [cm]
02 0.4 06 08 1.0 1.2

0.2} R/
0all LsTX0feml

g 0.6

£ 08

<

> 1.0

v T

FIG. 3. SK island density on the surface of a 2.2 ML GaN coverage sample
(GaN growth rate: 0.23 ML/s). Approximate Ga and N* flux sample-plane
impingement directions are shown schematically (¢ =45°). Representative
AFM (amplitude images) depict the highest and lowest island density re-
gions.

nitrogen. The SK island density increased in the direction
defined by the impinging Ga flux, consistent with the pro-
posed role of Ga as a surfactant for GaN growth on AIN
(0001).3 On this sample, the lowest island density (3
X 10® cm™2) was observed near the highest Ga flux and the
lowest N flux, while the highest island density (1.2
X 10" cm™?) was observed near the lowest Ga flux and the
highest N flux.

Brown et al.

In conclusion, we have demonstrated a route for control
of GaN QD density over more than two orders of magnitude,
by control of the GaN coverage and growth rate. We found
that the GaN QD density may be controlled nearly indepen-
dent of QD size.
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Abstract

We present a study of the evolution of the Ga adlayer during plasma-assisted molecular beam
epitaxy of (0001) GaN as a function of both Ga flux and growth temperature. In situ quadru-
pole mass spectrometry was used to quantitatively determine the adsorbed Ga coverage by
monitoring its subsequent desorption after GaN growth. Independent of the growth time, the
Ga adlayer was found to form steady state coverages that increase continuously from 0 to 2.5
monolayers when raising the Ga flux from N-rich to moderate Ga—rich growth conditions. At
higher Ga fluxes or lower growth temperatures (Ga droplet regime), macroscopic Ga droplets
form on top of the Ga adlayer. Based on the temperature—dependency for the transition
between the Ga adlayer and Ga droplet regime we determined an apparent activation energy

of 3.4 eV, which is discussed with respect to previously reported values.




With its importance as a material enabling the fabrication of optoelectronic'™ and
high-power* electronic devices, GaN has become subject to an increasing number of
fundamental research studies on the physical issues of nitride growth. In plasma-assisted
molecular beam epitaxy (PAMBE), several studies have highlighted the important role of the
Ga/N flux ratio and the growth temperature, i.e. growth kinetics, on the growth mode and
resulting surface structure of GaN films, which in turn determine their structural, electrical
and optical properties.s‘]3 Specifically, GaN grown with low Ga/N ratios (N-rich growth)
results typically in heavily pitted surfaces, a tilted columnar structure with a high density of
stacking faults® and insulating material’. High Ga/N ratios (Ga-rich growth) prove necessary
to acquire device quality GaN through a two-dimensional growth mode.> Systematic
morphology studies revealed a gradual reduction in surface pit density as the Ga/N ratio was
increased from N—rich to Ga-rich droplet conditions.”'® Similarly, the electron mobility in
(0001) GaN® and two-dimensional electron gas (2DEG) AlGaN/GaN structures'® was found to
increase with rising Ga/N ratio and reaches its highest values at a Ga/N ratio marginally
below the border for Ga droplet formation. Restrictions for device applications, however,
were shown to arise for very high Ga/N ratios or low temperatures, as these lead inevitably to
the accumulation of metallic Ga droplets on the surface. '

A full understanding of these kinetically-driven differences relies heavily on the GaN surface

atomic structure during growth and its effect on adatom diffusion and incorporation mechan-

6 -
115,1 112,16 18

isms prevailing in the various growth regimes. Recent theoretica and experimenta
studies found that under Ga-rich conditions the (0001) GaN growth front is stabilized by a
metallic Ga adlayer, which is absent during N-rich growth. Such a Ga adlayer facilitates high
adatom mobilities'®, particularly fostering adatom transport between subsurface sites (the so—
called autosurfactant effect).?’ High adatom diffusion rates under Ga droplet growth

conditions were further employed to reduce the areal density of self-assembled GaN quantum

dots to below 5x10% cm2.%!




To explore adatom mobility and the resulting GaN material properties, extensive
efforts have been made to quantify the Ga adlayer coverage as a function of the growth
conditions. So far, the only in situ studies were based upon determining the desorption time of
the Ga adlayer from measurements of specular beam intensities in reflection high energy
electron diffraction (RHEED) patterns.'** With the assumption of a constant desorption rate,
i.e. a linear relationship between desorption time and Ga adlayer coverage, the latter was then
proposed to evolve discontinuously with increasing Ga flux and to form a stable = 2.5 mono-
layer (ML) bilayer for a wide range of Ga fluxes. Such self-regulated discrete Ga adlayer
coverages would then be expected to produce constant material properties despite small

fluctuations in substrate temperature or Ga flux.

In this letter, we present a quantitative description of the Ga adlayer coverage during
PAMBE growth of (0001) GaN by employing line—of-sight quadrupole mass spectrometry
(QMS) as a direct method to monitor the desorbing Ga atoms. Based on our previously
reported non-constant Ga adlayer desorption rate'®, we demonstrate that with rising Ga flux
the Ga adlayer forms steady state coverages that increase continuously from zero up to 2.5
ML during GaN growth. Therefore, no evidence of self-regulating Ga coverage is found
which means that precise control of Ga/N ratio and growth temperature is required to stabilize

the growth conditions for optimum material properties.

The experiments were carried out in a MBE system equipped with standard Ga effusion cells
and an EPI Unibulb radio frequency plasma source supplied with reactive nitrogen of >5N
purity (99.999%). The substrates used were ~2-pm—thick GaN (0001) templates grown by
metalorganic chemical vapor deposition (MOCVD) on c—plane sapphire wafers. The substrate
temperature was measured by a pyrometer with a maximum sensitivity at 940 nm. The offset
between the pyrometer temperature and the actual GaN surface temperature was estimated by

the measurement of the critical temperature to form Ga droplets on GaN with a calibrated Ga




flux. Radiative substrate heating was facilitated by coating the backside of the substrates with
TiW (a refractory metal). We present molecular fluxes in terms of potential GaN growth rate
in units of ML/sec, as determined from thickness measurements of GaN samples grown under
Ga- and N-rich conditions.'® Growths were performed with a fixed nitrogen flux of 0.23
ML/sec, while the Ga flux was varied from 0.06-2.25 ML/sec for a temperature set ranging
from 669 to 734 °C. To monitor the desorbing Ga atoms a quadrupole mass spectrometer was
installed in direct line of sight to the wafer. We calibrated the desorbing Ga flux by
determining the partial pressure of the %Ga isotope for a sequence of known Ga fluxes evapo-
rated onto a sapphire substrate at such a high temperature (=800 °C) so that all impinging Ga
completely desorbed.'®* With the acquired linear relationship of 1.9x 107" mbar/ML sec”' we

were thus able to quantify the desorbing Ga in units of ML.

Ga desorption measurements for a series of 90 sec GaN growth pulses with varying Ga
fluxes at a temperature of 722 °C are presented in Fig. 1(a). In relation to the GaN growth
diagram, the Ga flux was varied from the Ga droplets regime to N-Rich flux conditions in
order to maintain (by applying the Ga autosurfactant effectlz) a smooth non—disrupted GaN
growth front for subsequent growth pulses. Each GaN growth pulse provides two phases in
the desorbed Ga signal, one during growth itself (later referred to as the maximum desorption
level) and the other as vacuum desorption of an adsorbed Ga surface coverage after growth
[also detailed in the closeup views of Fig. 1 (b) and (c) for two different Ga fluxes].
According to the maximum desorption level in the growth phase, we can differentiate — as in
our previous study'® — between three distinct regimes of growth: for high Ga fluxes between
1.93 and 1.22 ML/sec (A) the maximum desorption is constant at a rate around 1 ML/sec.
This rate is limited by the temperature and any excess Ga flux accumulates as weakly—bonded
metallic droplets on the surface (Ga droplet regime)."”® When the Ga flux is lowered to a range
between 1.22 — 0.23 ML/sec (B) the maximum desorption level decreases monotonically. This

is referred to the Ga-rich intermediate regime, where the excess Ga flux desorbs from the




growing surface (independent of the supplied flux). And third, GaN growth with Ga fluxes
below 0.23 ML/sec (C) results in virtually no Ga desorption, since the arriving Ga flux limits

the growth rate and is consumed completely by the nitrogen atoms (N-rich regime).’

To evaluate the Ga surface coverage prevalent in the different regimes, we integrated
the area below the desorbing Ga flux during the vacuum desorption of each pulse [i.e. hatched
area as exemplified in Fig. 1(b) and (c); a detailed description of the desorption behavior can
be found elsewherels]. The integrated Ga coverages are plotted in Fig. 2 as a function of the
impinging Ga flux (full circles), which demonstrate a continuous increase of the Ga surface
coverage with increasing Ga flux. For N-rich growth, no excess Ga is accumulated on the
surface, but Ga-rich intermediate conditions yield Ga adlayer coverages between 0 and 2.5
ML. Within the intermediate regime error bars are on the order of + 0.3 ML, resulting from
the 2 sec time resolution of the mass spectrometer. However, for the lower investigated
temperatures of 669 °C and 686 °C the respective error is only + 0.1 ML, due to the greater
duration of the Ga adlayer desorption process. From additional growth experiments with
growth times up to 2 hours we observed that these adlayer coverages did not vary more than +
0.2 ML for any given Ga flux, hence being completely independent of the previous growth
time. Thus, for each Ga flux a certain steady—state coverage is stabilized within the
intermediate regime. The maximum Ga adlayer coverage of 2.5 ML measured in this work is
in good agreement with the laterally—contracted bilayer model (i.e. 2.33 ML of Ga in terms of
GaN atomic density), which was calculated to be the energetically most favorable surface
structure under Ga-rich conditions.”” For very high Ga fluxes, the slope in Ga surface
coverage changes drastically, which is attributed to an increasing accumulation of Ga droplets
on top of the bilayer.”*** For comparison, we have also evaluated the desorption time of the
Ga surface coverage, given by the duration between the closure of both Ga and N shutters and
the drop to zero desorption (open circles in Fig. 2). The desorption time evolves in contrast to

the Ga surface coverage; it shows two constant plateaus for Ga fluxes in the range between




0.4 — 1.22 ML/sec (error bars are + 2 sec). This can be understood by a ron-constant
desorption rate, which we have previously determined for Ga adlayer coverages between 1 —
2.4 ML." Particularly, the decay of the Ga bilayer was found to consist of a complicated
three-stage desorption process, and only submonolayer coverages desorb in a monoexponent-
ial fashion. At this stage it becomes clear why we observe a continuous increase in the Ga ad-
layer coverage with rising Ga flux, in constrast to apparent regimes of constant coverages as
evaluated from changes in RHEED intensity by Adelmann et al.'*? The continuous behavior
has also been strongly anticipated in recent morphology and electron mobility studies of thick

GaN films. >

The explicit relationship between impinging Ga flux and steady—state Ga surface cov-
erage has also been verified for different temperatures [Fig. 3]. As a clear trend, with higher
growth temperatures the transition between Ga adlayer and Ga droplet coverages is shifted to
higher Ga fluxes, whereas the stoichiometry border (where Ga and N fluxes are equal) is
independent of the temperature. Moreover, taking the transition fluxes between the
intermediate and droplet regime, given by the intersection at 2.5 ML, as a function of temp-
erature yields an Arrhenius dependence with an apparent activation energy that we
determined to be 3.4 + 0.1 eV. Our recent Ga desorption observations without N yielded acti-
vation energies of 3.1 and 3.7 eV for the desorption of Ga droplets and the top part of the
bilayer, respectively.'® Hence, the value of 3.4 eV for the current phase transition fits
favorably within the two and supports our previous study. Much higher activation energies for
this particular transition have been reported from RHEED intensity measurements, being 4.8
eV (Ref. 13) with incident N and 5.1 eV (Ref. 22) without N. Lower values of around 2.8 eV
resulted from our earlier investigation'® as well as from RHEED transitions between 2x2 and
1x1 reconstructed surfaces®®. In both of these latter studies the supplied N fluxes were sub-
stantially higher, which could be responsible for the different outcomes in the activation

energies. On the basis of first—principles total energy calculations it was proposed that there




might be a strong interdependency between N flux and a temperature—dependent Ga bilayer
coverage that in turn could influence the activation energy for the nucleation of Ga droplets.22
However, the current QMS results reveal that independent of the growth temperature (at least
in the investigated range) the contracted Ga bilayer coverage is constant at 2.5 = 0.2 ML

within the experimental limits.

In conclusion, line—of-sight quadrupole mass spectrometry has proved a powerful in
situ method to quantitatively determine the adsorbed Ga surface coverages during MBE
growth of (0001) GaN. In contrast to the present perception of step-wise coverages, we
demonstrated by direct observation that the steady—state Ga coverage increases continuously
with rising Ga flux from zero coverage at the stoichiometry border to a laterally contracted =
2.5 ML thick bilayer configuration at the Ga droplet border. As the Ga adlayer governs the
adatom mobility, this monotonic behavior is also directly reflected in consequent GaN
material properties, as will be discussed in a forthcoming paper.? In addition, the continuous
evolution and the maximum = 2.5 ML adlayer coverage are independent of the growth
temperature, but the onset for Ga droplet formation was found to follow a clear Arrhenius

dependency with an apparent activation energy of 3.4 eV.
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FIGURE CAPTIONS

FIG. 1. (a) Ga desorption for a series of 90 sec GaN pulses with gradually decreasing Ga
fluxes from 1.93 — 0.06 ML/sec at constant 722°C. The Ga fluxes in the (b) droplet and (c)
intermediate regimes illustrate the determination of the Ga surface coverage (equal to the

hatched areas) from its vacuum desorption after growth.

FIG. 2. Evolution of the Ga surface coverage and its characteristic desorption time as a
function of the impinging Ga flux for (0001) GaN growth at constant N flux (0.23 ML/sec)
and T = 722 °C. Error bars for the surface coverage are £ 0.3 ML and + 2 sec for the

desorption time, respectively.

FIG. 3. Temperature—dependent Ga surface coverages as a function of the impinging Ga flux,
yielding a transition between Ga adlayer and droplet fluxes with an Arrhenius nature and an

activation energy of 3.4 £ 0.1 eV.
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